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 The komatiites of the 3.29 Ga Weltevreden Formation, Barberton Greenstone 
Belt, South Africa represent extremely magnesian lavas derived from the Archean 
mantle.  Three related papers are presented on aspects of the temperature and 
composition of the Archean mantle, and surface alteration processes.   
Petrographical and geochemical analyses confirm that olivines from the 
komatiites retain much of their original igneous character, containing fresh olivines, 
pyroxenes, and chromites.  The olivines from the Weltevreden Formation are extremely 
magnesian, with Fo contents up to 95.6.  Primitive mantle normalized Gd/Yb values near 
1, and Al2O3/TiO3 values of 26-33 for these rocks are consistent with derivation from 
deep primitive mantle, leaving a melt residue of only olivine.  Models based on the 
geochemistry of these rocks indicate eruption temperatures of at least 1660˚C, higher 
than previously reported for komatiitic eruption temperatures.   
X-ray diffraction and electron microprobe analyses show that the dominant 
alteration mineral in these rocks is serpentine.  The dominant serpentine mineral present, 
lizardite, shows a wide range of compositional variation. Observed textures and 
geochemical variation of the alteration products indicate these rocks were altered at a 
lower metamorphic grade than previously reported for the Barberton Greenstone Belt.   
The δ7Li and δ18O values of the fresh olivine separates from these rocks range 
from 0.5 to 10.0‰ and 3.8 to 4.2‰, respectively.  The variation of δ7Li values and the 
low δ18O values of olivine separates indicates the incorporation of a subduction 
component in the mantle source region, which suggests the Archean mantle was 
 vi
heterogeneous.  Temperatures of serpentinization ranging from 142 to 310˚C were determined 
using the oxygen isotopic compositions of the whole rocks assuming fluids with δ18O values 
ranging from -1 to 2‰.  The estimated temperatures and the petrographical and geochemical 
data of these rocks indicate alteration at temperatures lower than previously estimated for the 




CHAPTER 1.  INTRODUCTION 
 
The 3.55-3.22 Ga Barberton Greenstone Belt, South Africa, represents one of the best 
preserved greenstone terrains available for studies of the early history of the Earth.  It represents 
a natural laboratory for examination of the early Earth including evolution of life, ancient 
meteorite impacts, and volcanism.   Unique rocks that erupted predominantly during the 
Archean, the komatiites are important because they are a significant component of the Archean 
crust.   Komatiites are ultramafic volcanic rocks, usually characterized by their spinifex textures.  
The Barberton Greenstone Belt contains some of the best exposures of komatiites on Earth, 
therefore analyses of these rocks and their fresh primary igneous minerals may aid in 
constraining the thermal and compositional nature of the mantle source region.     
For years, the origin and occurrence of komatiites have been the subject of debate.  
Researchers have disagreed on the nature and composition of the mantle source for komatiites, 
origin of spinifex texture, possible dissolved volatiles in komatiitic liquids, and eruption 
temperatures and tectonic setting for komatiitic lavas.  The objectives of this study are to 
petrographically and geochemically characterize these lavas, further constrain the Archean 
mantle source region, and investigate alteration processes of the komatiites of the Weltevreden 
Formation, Barberton Greenstone Belt. 
Chapter 2 presents petrographical and geochemical data on komatiitic flows in the 
Barberton Greenstone Belt.  The 3.29 Ga Weltevreden Formation is unique in comparison to 
other komatiitic sequences in the Barberton Greenstone Belt.  The komatiites of the Weltevreden 
Formation are the least altered komatiites in the Barberton Greenstone Belt, containing fresh 
igneous minerals such as olivine, chromite, orthopyroxene and clinopyroxene.  The komatiites of 




are typical of younger greenstone belts (Byerly, 1999).  Petrographical and geochemical data are 
used to characterize these komatiitic lavas.  A model for the petrogenesis of the Weltevreden 
Formation komatiitic flows is presented, including implications for a mantle source region, 
crystallization model, and eruption temperature based on the petrography and chemistry of these 
rocks. 
 Chapter 3 presents x-ray diffraction, petrographical, and geochemical data on the 
alteration products of the Weltevreden Formation komatiites.    Komatiites contain primary 
igneous minerals that are very susceptible to low-temperature aqueous alteration.  The komatiites 
of the Barberton Greenstone Belt were emplaced in a submarine setting, therefore the alteration 
agent that created the observed hydrous secondary mineral assemblage was likely seawater or 
hydrothermal fluids derived from seawater.  These data are used to characterize the alteration 
products, investigate the geochemical variation of serpentine, and further constrain the degree 
and timing of alteration, as well as the nature of the fluids that altered the komatiites of the 
Weltevreden Formation. 
 Chapter 4 presents lithium concentrations, and lithium and oxygen isotopic compositions 
of olivine separates and whole rocks of the Weltevreden Formation.  Stable isotopic systems are 
used in the study of mantle-derived rocks to assess the chemistry of the source region.  Chemical 
variation of the mantle-derived magmas has been attributed to the chemistry of the primitive 
mantle, incorporation of recycled crust into the source region, and crustal assimilation of altered 
oceanic crust (Kyser, 1986; Garcia et al., 1989; Eiler, 1996; Chan and Frey, 2003; Kobayashi et 
al., 2004).  Stable isotopic systems are also used to determine the nature of low-temperature 




The lithium concentration, and lithium and oxygen isotopic composition of the olivine separates 







































CHAPTER 2.  PETROLOGY AND GEOCHEMISTRY OF KOMATIITES 
OF THE WELTEVREDEN FORMATION, BARBERTON GREENSTONE 




Komatiites are important in the study of the early Earth, as these rocks were a significant 
component of Archean volcanism and crustal development.  Komatiitic liquids were produced by 
very high degrees of partial melting of the deep mantle, and erupted as extremely fluid lavas.   
Komatiites are used as tools to constrain the chemistry of the Archean mantle.   
Olivine is the main crystallizing mineral in komatiites, and therefore is the major control 
on chemical variation observed in these rocks. Petrographic and geochemical evidence can 
provide clues concerning the crystallizing sequence in komatiites.  Previous studies have 
demonstrated that the MgO content of the erupted liquid and forsterite content of olivine in 
komatiites is related to the eruption temperature of the magma from which they formed (Nisbet, 
1982; Nisbet et al., 1993).  The chemistry of komatiites suggests they erupted as very hot lavas, 
brought to the surface by deeply-sourced mantle plumes (Campbell et al., 1989; Ohtani et al., 
1989; Nisbet et al., 1993). 
Although all komatiites have been affected by alteration and/or metamorphism, analyses 
of relatively fresh komatiites that have preserved their original igneous chemistry can generate a 
great deal of information about the chemistry of the Archean mantle.  Komatiites are divided into 
three different geochemical groups, Al-depleted, Al-undepleted, and Al-enriched.  Al-depleted 
komatiites have Al2O3/TiO2 ratios near 10, chondrite normalized heavy rare earth element 
(gadolinium to lutetium) ratios less than 1, and relatively high Gd/Yb values (Arndt, 1994).  Al-
depleted komatiites are commonly referred to as Barberton-type komatiites, as they are found in 




chondrite normalized heavy rare earth element ratios of ~ 1, and chondritic Gd/Yb values.  Al-
undepleted komatiites are commonly referred to as Munro-type komatiites, as they are typical of 
late Archean age komatiites (Inoue, 2000).  Al-enriched komatiites have Al2O3/TiO2 ratios 
greater than 50 (Byerly, 1999), chondrite normalized heavy rare earth element ratios greater than 
1, and relatively low Gd/Yb values (Arndt, 1994).  The variations of these ratios in Al-depleted, 
Al-undepleted, and Al-enriched komatiites have been attributed to differences in the residual 
phases in the source regions (Ohtani et al., 1989). All three geochemical groups of komatiites are 
observed in the Barberton Greenstone Belt, the Weltevreden Formation belonging to the Al-
undepleted group.   
Several komatiitic formations in the Barberton Greenstone Belt, especially the 3.48 Ga 
Komati Formation (Armstrong et al., 1990), have been extensively described and characterized 
(Viljoen and Viljoen, 1969b, c; Smith et al., 1980; Dann 2000, 2001).  This chapter presents 
petrographic and geochemical data on somewhat younger and fresher komatiites of the 
Weltevreden Formation, Barberton Greenstone Belt.  The objectives of this study are to (1) 
characterize these rocks petrographically and geochemically, (2) constrain the mantle source 
region, (3) determine a crystallization model, and (4) calculate an eruption temperature.   
GEOLOGICAL BACKGROUND 
 
The Barberton Greenstone Belt was formed during the period 3.55 – 3.22 Ga as a result 
of a number of magmatic and tectonic events.  In this volcanic-sedimentary succession, 
ultramafic and mafic flow units predominate the lower section, and sedimentary sequences 
predominate in the upper section.  Two felsic magmatic stages produced the tonalite-




dacitic to rhyolitic volcanic rocks (Lowe and Byerly, 1999; Lowe, 1999; Viljoen and Viljoen, 
1969b). 
The Barberton Greenstone Belt consists of three stratigraphic groups - the 3.55 – 3.28 Ga 
Onverwacht Group, the 3.25-3.22 Ga Fig Tree Group, and the 3.22 Ga Moodies Group (Figure 
2.1).   The Onverwacht Group is composed predominantly of mafic and ultramafic volcanic 
rocks along with felsic pyroclastic and volcaniclastic rocks and chert.  The overlying Fig Tree 
Group consists of graywacke, shale, chert and siliceous fragmental volcanic rocks.  The Moodies 
Group is composed of sandstone, conglomerate, siltstone, shale and thin units of basalt (Lowe 
and Byerly 1999).     
There are several ultramafic units that exist in the Onverwacht Group, and the 
distribution of these units displays a general younging northward trend (Figure 2.1). The 
Sandspruit and Theespruit Formations only occur in the extreme southern portions of the 
Barberton Greenstone Belt, in the Onverwacht and Steynsdorp anticlines.  The Sandspruit 
Formation consists of massive metamorphosed peridotitic and basaltic komatiites, and occurs 
mainly as xenoliths within tonalitic plutons.  The 3.51 Ga Theespruit Formation (Kröner et al., 
1992) consists predominantly of metamorphosed basalts, basaltic komatiites as well as 
aluminous and sericitic rocks that are interpreted as former felsic volcanic and pyroclastic units 
(Viljoen and Viljoen 1969b).   The 3.48 Ga Komati Formation (Armstrong et al., 1990) consists 
of thin komatiitic flows, many having relict olivine or pyroxene spinifex textures (Lowe and 
Byerly, 1999).  The 3.47 – 3.45 Ga Hooggenoeg Formation (Armstrong et al., 1990) consists of 
thick sequences of tholeiitic basalts, basaltic komatiites along with felsic igneous rocks and thin 
cherty units.  The 3.41 – 3.30 Ga Kromberg Formation (Kröner et al., 1991; Byerly et al., 1993; 






Figure 2.1.  Generalized geologic map of the western half of the Barberton Greenstone Belt 
(modified after Lowe and Byerly, 1999).  The komatiites discussed in this study are from the 























































and lapillistone, and black and white banded chert (Vennemann and Smith, 1999; Lowe and 
Byerly, 1999).     
Komatiitic volcanic and intrusive rocks with interbedded cherts, previously assigned to 
the Komati Formation have been reassigned to the 3.30 – 3.29 Ga Mendon Formation (Byerly et 
al., 1993, 1996) in the central parts and to the Weltevreden Formation in the northern parts of the 
Barberton Greenstone Belt (Lowe and Byerly, 1999; Byerly, 1999).   
Weltevreden Formation    
The Inyoka Fault divides the Barberton Greenstone Belt into a northern and southern 
facies.    Located in the northern facies of the Barberton Greenstone Belt, the Weltevreden 
Formation is nearly 200 million years younger than the Komati Formation, and approximately 
correlative with the Mendon Formation in the southern facies.  This correlation is based on the 
strong resemblance of the Weltevreden Formation to the upper cycles of the Mendon Formation, 
as well as the Weltevreden Formation being located directly below a spherule bed at the base of 
the Fig Tree Group (Lowe and Byerly 1999).  Lahaye et al. (1995) calculated a Sm-Nd isochron 
age of 3,286 ± 29 Ma for the Weltevreden Formation. 
The Weltevreden Formation accumulated as thick sequences of komatiitic and basaltic 
volcanic rocks, komatiitic tuffs and ultramafic intrusions (Lowe, 1999). The exact thickness of 
the Weltevreden Formation is unclear because the base is not exposed and the structure and 
stratigraphy are poorly known, but several hundreds and perhaps a few thousand meters of 
section are present, with individual flow units being 10-500 m thick (Lowe and Byerly, 1999).  
Anhaeusser (2001) included the rocks of the uppermost Onverwacht Group - the Weltevreden 
Formation in the Nelshoogte Schist Belt which is west of the study area.    Anhaeusser (2001) 




interlayered metasediments account for ~ 5%, with the remainder containing mafic tuffs and 
agglomerates.  The layered intrusive rocks of the Weltevreden Formation consists of internally 
fractionated rocks ranging from dunite, orthopyroxenite, harzburgite, and websterite lithologies 
(Anhaeusser, 1985).   
ANALYTICAL TECHNIQUES 
Electron Microprobe 
Polished and carbon-coated thin sections were analyzed on a JEOL JXA-733 Superprobe 
at Louisiana State University.  Fresh minerals were analyzed with a focused beam, a 10 nA beam 
current, and a 15 kV accelerating voltage, using a suite of Smithsonian standards (San Carlos 
Olivine, Kakanui Hornblende, Johnstown Hypersthene, chromite, and glass standards).  Melt 
inclusions were analyzed with a beam defocused to 10µm, a 2 nA beam current, and a 15 kV 
accelerating voltage. A ZAF (atomic number-absorption-fluorescence) correction scheme was 
used and counting times varied between 30 to 80 seconds.  Precision and accuracy were tested by 
analyzing standards as unknowns and calculating averages and standard deviations.  The results 
of these replicate analysis and the lower limit of detection for oxides analyzed are in Table A.1.   
 Olivine analyses were recalculated on the basis of four oxygens.  Chromite analyses were 
recalculated on the basis of 32 oxygens.   The total number of Fe ions was calculated after 
removing V and Ti spinel molecules (Barnes, 1998).  Fe3+ was calculated assuming 
stoichiometry (Barnes, 1998).  Pyroxene analyses were calculated on the basis of six oxygens.  
Octahedral Al was determined from the remainder of Al available after the tetrahedral site was 






Inductively Coupled Plasma Spectrophotometer  
Rock powders were prepared using a jaw crusher and shatterbox.  Whole rocks were 
prepared by lithium metaborate fusion and nitric acid digestion at Louisiana State University.  
100 mg of rock powder and 400 mg lithium metaborate were placed in graphite crucibles and 
melted in a furnace at 1000˚C.  These melts were then digested in 10% HNO3 (analytical grade). 
This solution was filtered and further diluted to 100 ml with 18 mega ohm H2O.  These solutions 
were analyzed on a Perkin Elmer 3300 DV dual view optical emission inductively coupled 
plasma spectrophotometer.  The U.S.G.S. rock standards DTS-1 and BIR-1 were used for 
calibration.  Standards from the U.S.G.S (BHVO-1, PCC-1, AGV-1), the Geological Survey of 
Japan (JP-1), and the C.R.P.G. (UB-N) were regularly analyzed as unknowns.  Trace elements 
were obtained by analyzing this solution (10-3 dilution factor) and major elements were obtained 
by analyzing a further dilution of the stock solution  (10-4).  Precision was estimated by 
analyzing the standards as unknowns and calculating standard deviations.  The unknown 
analyses are in agreement with accepted values (Govindaraju, 1994).  The results for the analyses 
of standards as unknowns are in Table A.2.   
X-ray Fluorescence and Inductively Coupled Plasma Source Mass Spectrometer 
Major and trace elements were determined by X-ray fluorescence and rare earth element 
analyses were determined by ICP-MS at Washington State University for some rock samples 
from Keena’s and Gary’s flows.    The procedures followed are given on the Washington State 
University Geoanalytical Lab’s website, www.wsu.edu/~geology/Pages/Services/Geolab.html.   
The results for precision, accuracy, and limits of detection for these analyses are in Tables A.3, 








The extremely fresh komatiites of the Weltevreden Formation preserve original igneous 
textures and minerals.  Based on field observations and petrographic analyses these rocks can be 
classified as random spinifex, oriented spinifex and cumulate lithologies.  Quenched-chilled 
zones are only rarely observed.  In this section of the Weltevreden Formation, samples were 
collected from Keena’s first, second, and third flows and Gary’s second flow (Figure 2.2 and 
2.3).  
Spinifex-textured Komatiites.  The random and oriented spinifex layers contain serpentine 
pseudomorphs after acicular olivine, and chromite, orthopyroxene, pigeonite, and augite (Figure 
2.4a).  The olivine crystals, reaching lengths of 90 mm in the coarse spinifex layers have been 
completely altered to serpentine (Chapter 3).  Chromites occur as equant cruciform or skeletal 
crystals up to 0.45 mm in size.  Acicular pyroxene is composed of orthopyroxene cores with 
clinopyroxene (pigeonite and augite) rims, reaching up to 13.5 x 0.5 mm (Figures 2.4a and 2.5b).  
Pyroxene also displays spherulitic to plumose textures, sometimes emanating from coarse 
acicular olivine crystals. Augite also occurs as fine discrete crystals in the groundmass.   
The secondary mineral assemblage of these rocks consists of serpentine, chlorite, 
tremolite, and magnetite (Chapter 3).  Serpentine occurs as pseudomorphs after olivine and in 
some cases orthopyroxene, and a fine mixture of serpentine and chlorite occurs in the matrix 
possibly representing altered glass.  Magnetite forms during serpentinization; as olivine alters to 
serpentine the Fe that was present in that portion of the olivine, forms magnetite.  These 
magnetites occur as fine anhedral to euhedral crystals that rim olivine kernels.  Magnetite also 







Figure 2.2.  Map of study area.  The samples form this study were obtained from the areas 


































Figure 2.3.  Stratigraphic column for the Weltevreden Formation komatiites for Keena’s and Gary’s flows.  Locations of  
sample numbers are indicated. 
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Figure 2.4.  Optical photomicrographs of random spinifex and partially serpentinized cumulate 
komatiites from the Weltevreden Formation.  a.  Random spinifex (KBA 12-10) - this view 
shows orthopyroxene rimmed with clinopyroxene.  b.  Partially serpentinized cumulate komatiite 
(KBA 12-3) - this view shows fresh olivine phenocrysts and intersertal pyroxenes.  Fresh melt 
inclusions occur in the core of the fresh olivine near the center of photo. olv = olivine, alt olv = 









































Figure 2.5.  Back-scattered electron micrographs.  a.  Partially serpentinized cumulate komatiite 
(SA 509-3) -  Fresh olivine with serpentine rims and veins, orthopyroxene, clinopyroxene and 
magnetite (highest contrast). These fresh olivine crystals contained in the partially serpentinized 
cumulate layers have serpentine rims and veins, shows in black (lower contrast). b.  Olivine in 
partially serpentinized cumulate komatiite (SA 501-9) - Fresh olivine with melt inclusion near 
the bottom of crystal.  c.  Chromite in partially serpentinized cumulate komatiite (KBA 12-7) - 
Equant chromite with magnetite rim (higher contrast).  d. Pyroxene in random spinifex-textured 
komatiite (KBA 12-10) - Fresh pyroxene which has an orthopyroxene/pigeonite (lower contrast) 
core and augite rim (higher contrast).  melt inc = melt inclusion, chr = chromite, mt = magnetite, 























Figure 2.6.  Optical photomicrographs of melt inclusions inside olivine.   These are polished thin 
sections cut through the olivine and melt inclusion.  a.  Melt inclusion in plain light (200X).  This 
melt inclusion contains a gas bubble and a daughter chromite (SA 563-3).   b.  Melt inclusion 
under crossed polars (400X).  This melt inclusion contains a gas bubble and daughter crystals of 
feathery clinopyroxene and a euhedral chromite (SA 501-8).  





magnetite overgrowths develop on equant chromite grains (type 1 spinels – Barnes, 2000).  In 
the Weltevreden Formation komatiites, magnetite associated with chromites occur as thin 
discrete overgrowths that are readily distinguished as having a higher contrast than the original 
chromite crystal in backscattered electron mode on the electron microprobe. 
Cumulate Komatiites.  The cumulate layers (B layer – Arndt, 1986) consist of partially 
serpentinized cumulate komatiites and serpentinized cumulate komatiites.  The magmatic 
mineral assemblage of the partially serpentinized cumulate komatiites consists of olivine, 
orthopyroxene, clinopyroxene, and chromite (Figure 2.4b, 2.5a). The majority of cumulate 
samples contain fresh equant olivine grains with serpentinized rims and veins.  Olivine is 
distinguished as having high relief and high birefringence, relative to serpentine.  The unaltered 
kernels have sizes up to 0.27 x 0.40 mm.  The sizes of the original olivine crystals, up to 0.75 x 1 
mm, are estimated by the presence of fine anhedral or euhedral magnetite crystals that rim the 
original grain boundary (Figure 2.5a).  Fresh olivine cores are also reported from komatiitic 
rocks from the Komati Formation of the Barberton Greenstone Belt, the Belingwe Greenstone 
Belt and the Commondale Greenstone Belt (Smith et al., 1980; Nisbet et al., 1987; Wilson et al, 
2003).   Chromite displays equant, cruciform, and skeletal morphologies, and have sizes similar 
to those in the spinifex layers.  Pyroxene occurs as fine acicular orthopyroxene crystals rimmed 
by pigeonite and augite, as well as finer discrete augite crystals (Figures 2.4b and 2.5d).    The 
secondary mineral assemblage of the partially serpentinized cumulate komatiites consists of 
serpentine and magnetite (Chapter 3).  Serpentine occurs as rims and micro-veins in olivines and 
in the matrix, and fine anhedral to euhedral crystals of magnetite occur as rims on olivines. 
Many olivine crystals contain unaltered melt inclusions that range in diameter from 5-50 




komatiitic olivines occur in the interior of fresh olivine crystals and are recognized based on their 
isotropic behavior in polarized light, and transparent, pale-colored and homogeneous appearance 
in plain light  (Fig. 2.6). Some olivine crystals contain a gas bubble and daughter crystals of 
acicular clinopyroxene and equant chromite.  Within serpentinized olivine crystals, the melt 
inclusions are altered to occur as fine chlorite or serpentine (Thompson et al., 2003).  At the base 
of the Weltevreden Formation komatiitic flows, the cumulate komatiites are completely 
serpentinized, containing the secondary mineral assemblages of serpentine and magnetite 
(Chapter 3).  
Mineral Chemistry 
Olivine.  In the spinifex layers, olivine is represented by serpentine pseudomorphs; however in 
the partially serpentinized cumulate komatiites olivine crystals are remarkably fresh.  In the 
partially serpentinized cumulate layers, olivines have Fo contents [(100Mg/(Mg+Fe2+)] that are 
from Fo92.5-95.6  (Kareem and Byerly, 2003), with the majority of the analyses in the range Fo94.0-
95.6 (Figure 2.7).  These high Fo contents are higher than those reported from komatiites of 
Abitibi (Fo88.3-93.4 - Arndt, 1977), Belingwe (up to Fo91.3 - Nisbet et al., 1987), and Barberton 
(Fo90.4-91.3 - Smith et al., 1980) Greenstone Belts, and only lower than olivines reported from the 
Commondale Greenstone Belt (Fo96.5 - Wilson et al., 2003).  Electron microprobe results for 
olivines of the Weltevreden komatiites are in Table 2.1. 
The olivines of the Weltevreden Formation contain significant amounts of Cr2O3 and 
NiO, up to 0.41 and 0.56 wt.%, respectively (Figure 2.7).  Such high Cr2O3 and NiO contents 
have been reported for other komatiitic olivines (Arndt et al., 1977; Smith and Erlank, 1980; 






















Figure 2.7.  Olivine compositions obtained from electron microprobe analyses.  These analyses 
are of fresh olivines contained in the cumulate layers.  (a) Graph of Fo % vs. Cr2O3 (wt.%).   (b) 



































Table 2.1.  Chemical compositions of olivines from the Weltevreden Formation komatiites.  Number of ions based on four oxygens. 
  KBA 12-6-7 KBA 12-6-10 KBA 12-6-13 KBA 12-6-21 KBA 12-6-26 KBA 12-6-29 KBA 12-6-31 KBA 12-6-32 KBA12-6-34 
SiO2 41.30 41.37 41.06 41.24 41.22 41.21 41.31 40.98 41.11 
Al2O3 0.06 0.08 0.09 0.07 0.08 0.03 0.08 0.07 0.07 
FeO 5.38 5.80 5.47 5.58 5.84 5.91 6.23 6.45 6.90 
MgO 53.03 52.77 52.79 52.88 52.83 52.83 52.44 51.70 51.28 
CaO 0.14 0.15 0.13 0.13 0.15 0.15 0.14 0.15 0.15 
Na2O 0.02 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 
K2O 0.00 0.04 0.00 0.00 0.03 0.01 0.00 0.03 0.06 
TiO2 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.01 0.00 
MnO 0.06 0.06 0.07 0.07 0.08 0.12 0.08 0.06 0.09 
NiO 0.47 0.47 0.50 0.46 0.41 0.46 0.46 0.43 0.43 
Cr2O3 0.21 0.24 0.18 0.19 0.22 0.21 0.19 0.18 0.23 
V2O5 0.02 0.02 0.02 0.03 0.01 0.00 0.03 0.02 0.00 
Total 100.68 100.98 100.34 100.65 100.87 100.95 100.96 100.11 100.33 
          
Si 0.988 0.989 0.987 0.988 0.987 0.987 0.989 0.991 0.994 
Al 0.002 0.002 0.003 0.002 0.002 0.001 0.002 0.002 0.002 
Fe2+ 0.108 0.116 0.110 0.112 0.117 0.118 0.125 0.130 0.139 
Mg 1.892 1.881 1.891 1.889 1.886 1.885 1.872 1.864 1.848 
Ca 0.004 0.004 0.003 0.003 0.004 0.004 0.003 0.004 0.004 
Na 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.002 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.001 0.002 
Ni 0.009 0.009 0.010 0.009 0.008 0.009 0.009 0.008 0.008 
Cr 0.004 0.005 0.003 0.004 0.004 0.004 0.004 0.004 0.004 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 








Table 2.1 cont. 
  KBA 12-6-2 KBA 12-6-3 KBA 12-6-7 KBA 12-6-8 KBA 12-6-9 KBA 12-6-10 KBA 12-6-12 KBA 12-6-13 KBA 12-6-16 
SiO2 40.97 41.09 41.31 41.23 41.20 41.19 41.42 41.27 41.48 
Al2O3 0.08 0.06 0.08 0.05 0.07 0.05 0.05 0.07 0.04 
FeO 5.73 5.91 5.76 5.86 5.68 5.80 5.80 5.62 5.56 
MgO 52.17 52.93 52.79 52.86 53.21 52.82 52.67 52.96 52.86 
CaO 0.11 0.14 0.15 0.14 0.13 0.14 0.13 0.14 0.14 
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.04 0.06 0.00 0.04 0.01 0.01 0.07 0.00 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 
MnO 0.11 0.05 0.08 0.08 0.10 0.10 0.07 0.10 0.09 
NiO 0.50 0.46 0.40 0.46 0.48 0.49 0.46 0.50 0.54 
Cr2O3 0.20 0.22 0.27 0.22 0.19 0.23 0.22 0.20 0.27 
V2O5 0.00 0.00 0.02 0.04 0.00 0.02 0.01 0.03 0.01 
Total 99.89 100.89 100.91 100.94 101.09 100.85 100.84 100.99 100.99 
          
Si 0.990 0.984 0.988 0.987 0.984 0.987 0.991 0.987 0.991 
Al 0.002 0.002 0.002 0.001 0.002 0.001 0.001 0.002 0.001 
Fe2+ 0.116 0.118 0.115 0.117 0.113 0.116 0.116 0.112 0.111 
Mg 1.880 1.890 1.883 1.886 1.895 1.886 1.879 1.888 1.882 
Ca 0.003 0.004 0.004 0.004 0.003 0.004 0.003 0.004 0.004 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.001 0.002 0.000 0.001 0.000 0.000 0.002 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.002 0.001 0.002 0.002 0.002 0.002 0.001 0.002 0.002 
Ni 0.010 0.009 0.008 0.009 0.009 0.009 0.009 0.010 0.010 
Cr 0.004 0.004 0.005 0.004 0.004 0.004 0.004 0.004 0.005 
V 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 








Table 2.1 cont. 
  KBA 12-6-17 KBA 12-6-25 KBA 12-6-33 KBA 12-6-7 KBA 12-6-8 KBA 12-6-9 KBA 12-13-6 KBA 12-13-7 KBA 12-13-8 
SiO2 41.15 41.32 41.02 41.15 41.25 41.18 40.79 41.38 41.46 
Al2O3 0.21 0.08 0.07 0.06 0.19 0.07 0.07 0.08 0.09 
FeO 5.93 5.85 6.95 5.78 6.41 7.37 6.21 6.21 6.05 
MgO 52.59 52.63 51.70 52.51 51.93 51.43 51.49 52.15 52.30 
CaO 0.15 0.15 0.13 0.14 0.13 0.13 0.12 0.12 0.14 
Na2O 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.01 
K2O 0.03 0.04 0.03 0.00 0.06 0.00 0.00 0.01 0.00 
TiO2 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
MnO 0.14 0.06 0.12 0.09 0.11 0.09 0.11 0.12 0.08 
NiO 0.47 0.41 0.40 0.43 0.41 0.43 0.46 0.42 0.43 
Cr2O3 0.18 0.26 0.25 0.23 0.24 0.24 0.21 0.25 0.30 
V2O5 0.01 0.03 0.00 0.01 0.01 0.01 0.01 0.00 0.01 
Total 100.89 100.83 100.68 100.42 100.75 100.95 99.46 100.77 100.85 
          
Si 0.986 0.989 0.989 0.989 0.991 0.991 0.992 0.993 0.993 
Al 0.006 0.002 0.002 0.002 0.005 0.002 0.002 0.002 0.003 
Fe2+ 0.119 0.117 0.140 0.116 0.129 0.148 0.126 0.125 0.121 
Mg 1.878 1.879 1.858 1.882 1.860 1.845 1.866 1.865 1.867 
Ca 0.004 0.004 0.003 0.004 0.003 0.003 0.003 0.003 0.003 
Na 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 
K 0.001 0.001 0.001 0.000 0.002 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.003 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 
Ni 0.009 0.008 0.008 0.008 0.008 0.008 0.009 0.008 0.008 
Cr 0.003 0.005 0.005 0.004 0.005 0.005 0.004 0.005 0.006 
V 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 








Table 2.1 cont. 
  KBA 12-13-12 KBA 12-13-13 KBA 12-13-15 KBA 12-13-18 KBA 12-13-18 KBA 12-13-20 KBA 12-13-21 KBA 12-13-25 KBA 12-13-26 
SiO2 41.55 41.38 41.54 41.42 41.64 41.42 41.60 41.60 41.66 
Al2O3 0.06 0.07 0.05 0.05 0.06 0.05 0.06 0.07 0.06 
FeO 5.05 5.17 4.98 4.85 4.80 4.65 4.67 4.55 4.57 
MgO 53.11 53.35 53.45 53.65 53.51 53.57 53.68 53.80 53.69 
CaO 0.09 0.12 0.13 0.12 0.10 0.13 0.12 0.15 0.12 
Na2O 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 
K2O 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.00 0.00 
TiO2 0.00 0.02 0.00 0.02 0.00 0.01 0.03 0.00 0.00 
MnO 0.10 0.07 0.08 0.05 0.06 0.11 0.08 0.07 0.06 
NiO 0.46 0.41 0.46 0.56 0.46 0.52 0.50 0.48 0.47 
Cr2O3 0.28 0.25 0.17 0.21 0.15 0.18 0.22 0.14 0.12 
V2O5 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0.00 
Total 100.70 100.84 100.88 100.92 100.81 100.65 100.97 100.86 100.77 
          
Si 0.992 0.988 0.990 0.987 0.992 0.989 0.990 0.990 0.992 
Al 0.002 0.002 0.001 0.001 0.002 0.001 0.002 0.002 0.002 
Fe2+ 0.101 0.103 0.099 0.097 0.096 0.093 0.093 0.091 0.091 
Mg 1.891 1.898 1.899 1.906 1.901 1.907 1.904 1.908 1.906 
Ca 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.003 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.002 0.001 0.002 0.001 0.001 0.002 0.002 0.001 0.001 
Ni 0.009 0.008 0.009 0.011 0.009 0.010 0.010 0.009 0.009 
Cr 0.005 0.005 0.003 0.004 0.003 0.003 0.004 0.003 0.002 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 








Table 2.1 cont. 
  KBA 12-13-27 KBA 12-13-28 KBA 12-13-32 KBA 12-13-33 KBA 12-13-33 KBA 12-13-34 KBA 12-13-35 KBA 12-13-37 KBA 12-13-38 
SiO2 41.69 41.61 41.69 41.36 41.45 41.42 41.33 41.50 41.61 
Al2O3 0.09 0.05 0.06 0.92 0.10 0.03 0.06 0.06 0.05 
FeO 4.70 4.44 4.57 5.89 5.47 5.56 5.51 5.37 4.97 
MgO 53.61 53.72 53.72 51.70 52.69 53.11 52.93 52.91 53.22 
CaO 0.12 0.13 0.12 0.00 0.01 0.00 0.00 0.00 0.00 
Na2O 0.01 0.00 0.00 0.03 0.01 0.00 0.00 0.03 0.02 
K2O 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.05 0.08 0.08 0.09 0.13 0.06 0.09 0.05 0.08 
NiO 0.43 0.47 0.48 0.46 0.44 0.51 0.45 0.45 0.50 
Cr2O3 0.16 0.16 0.09 0.28 0.18 0.21 0.26 0.18 0.18 
V2O5 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.88 100.66 100.81 100.75 100.49 100.91 100.62 100.54 100.64 
          
Si 0.992 0.991 0.992 0.990 0.993 0.990 0.990 0.993 0.994 
Al 0.002 0.001 0.002 0.026 0.003 0.001 0.002 0.002 0.002 
Fe2+ 0.093 0.088 0.091 0.118 0.110 0.111 0.110 0.107 0.099 
Mg 1.901 1.908 1.906 1.844 1.883 1.892 1.890 1.888 1.895 
Ca 0.003 0.003 0.003 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.001 0.001 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.001 0.002 0.002 0.002 0.003 0.001 0.002 0.001 0.002 
Ni 0.008 0.009 0.009 0.009 0.009 0.010 0.009 0.009 0.010 
Cr 0.003 0.003 0.002 0.005 0.003 0.004 0.005 0.003 0.003 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 








Table 2.1 cont. 
  KBA 12-13-39 KBA 12-13-40 KBA 12-13-41 KBA 12-13-42 KBA 12-13-43 KBA 12-13-44 KBA 12-13-45 KBA 12-13-46 KBA 12-13-47 
SiO2 41.71 41.65 41.88 41.69 41.85 41.61 41.75 41.45 41.87 
Al2O3 0.11 0.04 0.06 0.05 0.06 0.06 0.07 0.05 0.04 
FeO 4.96 4.92 4.83 5.00 4.91 4.85 4.93 5.10 4.99 
MgO 53.11 53.41 53.13 53.41 53.29 53.52 53.44 53.65 53.20 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na2O 0.01 0.00 0.02 0.02 0.00 0.01 0.00 0.01 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
MnO 0.11 0.06 0.09 0.08 0.04 0.11 0.05 0.04 0.10 
NiO 0.42 0.42 0.48 0.47 0.50 0.47 0.43 0.44 0.44 
Cr2O3 0.32 0.14 0.21 0.14 0.24 0.18 0.26 0.22 0.20 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.76 100.64 100.72 100.85 100.90 100.81 100.93 100.96 100.85 
          
Si 0.994 0.994 0.998 0.993 0.996 0.991 0.993 0.987 0.997 
Al 0.003 0.001 0.002 0.001 0.002 0.002 0.002 0.002 0.001 
Fe2+ 0.099 0.098 0.096 0.100 0.098 0.097 0.098 0.102 0.099 
Mg 1.888 1.899 1.888 1.897 1.891 1.901 1.896 1.905 1.889 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.002 0.001 0.002 0.002 0.001 0.002 0.001 0.001 0.002 
Ni 0.008 0.008 0.009 0.009 0.010 0.009 0.008 0.008 0.008 
Cr 0.006 0.003 0.004 0.003 0.005 0.003 0.005 0.004 0.004 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 








Table 2.1 cont. 
  KBA 12-13-48 KBA 12-13-49 KBA 12-13-50 KBA 12-13-51 KBA 12-13-52 KBA 12-13-53 KBA 12-13-54 KBA 12-13-55 KBA 12-13-56 
SiO2 41.61 41.40 41.41 41.52 41.54 41.61 41.42 41.58 41.41 
Al2O3 0.04 0.05 0.04 0.06 0.07 0.05 0.09 0.03 0.06 
FeO 5.08 4.82 5.21 5.11 5.07 5.29 5.15 5.28 5.49 
MgO 53.27 53.02 53.27 53.33 53.26 53.22 52.80 52.68 52.85 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na2O 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.12 0.13 0.08 0.08 0.07 0.09 0.05 0.07 0.12 
NiO 0.40 0.50 0.48 0.41 0.40 0.48 0.41 0.47 0.42 
Cr2O3 0.16 0.14 0.20 0.16 0.25 0.20 0.15 0.26 0.27 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.69 100.08 100.70 100.68 100.67 100.94 100.07 100.39 100.63 
          
Si 0.993 0.994 0.990 0.991 0.992 0.992 0.995 0.996 0.991 
Al 0.001 0.001 0.001 0.002 0.002 0.001 0.002 0.001 0.002 
Fe2+ 0.101 0.097 0.104 0.102 0.101 0.105 0.103 0.106 0.110 
Mg 1.896 1.897 1.898 1.898 1.896 1.892 1.890 1.882 1.886 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.002 0.003 0.002 0.002 0.001 0.002 0.001 0.001 0.002 
Ni 0.008 0.010 0.009 0.008 0.008 0.009 0.008 0.009 0.008 
Cr 0.003 0.003 0.004 0.003 0.005 0.004 0.003 0.005 0.005 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 








Table 2.1 cont. 
  KBA 12-13-57 KBA 12-13-58 KBA 12-13-59 KBA 12-13-60 KBA 12-13-61 KBA 12-13-62 KBA 12-13-63 KBA 12-13-64 KBA 12-13-65 
SiO2 41.16 41.19 41.19 41.32 41.07 41.43 41.53 41.26 41.29 
Al2O3 0.13 0.06 0.07 0.08 0.13 0.06 0.06 0.07 0.08 
FeO 5.50 5.76 5.60 5.33 5.43 5.25 5.12 5.41 5.27 
MgO 52.33 52.71 52.52 52.67 52.52 52.88 53.03 53.34 53.03 
CaO 0.14 0.16 0.15 0.12 0.13 0.12 0.15 0.09 0.15 
Na2O 0.02 0.02 0.00 0.00 0.00 0.02 0.02 0.01 0.00 
K2O 0.03 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.01 
TiO2 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 
MnO 0.05 0.04 0.00 0.11 0.09 0.07 0.10 0.12 0.06 
NiO 0.45 0.45 0.39 0.46 0.47 0.47 0.39 0.45 0.50 
Cr2O3 0.20 0.26 0.22 0.20 0.16 0.17 0.19 0.19 0.26 
V2O5 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 
Total 100.01 100.67 100.15 100.29 100.02 100.51 100.61 100.95 100.66 
          
Si 0.992 0.988 0.991 0.992 0.990 0.992 0.993 0.985 0.988 
Al 0.004 0.002 0.002 0.002 0.004 0.002 0.002 0.002 0.002 
Fe2+ 0.111 0.116 0.113 0.107 0.109 0.105 0.102 0.108 0.105 
Mg 1.880 1.885 1.884 1.885 1.887 1.888 1.890 1.899 1.892 
Ca 0.004 0.004 0.004 0.003 0.003 0.003 0.004 0.002 0.004 
Na 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 
K 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.001 0.001 0.000 0.002 0.002 0.001 0.002 0.003 0.001 
Ni 0.009 0.009 0.008 0.009 0.009 0.009 0.007 0.009 0.010 
Cr 0.004 0.005 0.004 0.004 0.003 0.003 0.004 0.004 0.005 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 








Table 2.1 cont. 
  KBA 12-13-66 KBA 12-13-67 KBA 12-13-68 KBA 12-13-69 KBA 12-13-70 KBA 12-13-71 KBA 12-13-72 KBA 12-13-73 KBA 12-13-74 
SiO2 41.40 41.36 41.30 41.50 41.23 41.35 41.43 41.44 41.42 
Al2O3 0.04 0.05 0.05 0.05 0.08 0.04 0.03 0.06 0.05 
FeO 5.23 5.18 5.43 5.44 5.39 5.40 5.50 5.56 5.74 
MgO 53.31 53.12 52.64 52.80 53.11 52.66 53.10 52.87 52.73 
CaO 0.13 0.15 0.11 0.14 0.16 0.12 0.10 0.13 0.12 
Na2O 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 
K2O 0.01 0.02 0.01 0.00 0.00 0.02 0.01 0.02 0.01 
TiO2 0.01 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 
MnO 0.07 0.12 0.05 0.10 0.10 0.14 0.12 0.05 0.14 
NiO 0.48 0.51 0.46 0.43 0.51 0.45 0.45 0.38 0.45 
Cr2O3 0.28 0.21 0.11 0.17 0.17 0.24 0.16 0.24 0.24 
V2O5 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.02 
Total 100.97 100.71 100.17 100.65 100.76 100.43 100.91 100.78 100.94 
          
Si 0.988 0.989 0.993 0.993 0.987 0.992 0.990 0.991 0.990 
Al 0.001 0.001 0.002 0.002 0.002 0.001 0.001 0.002 0.001 
Fe2+ 0.104 0.104 0.109 0.109 0.108 0.108 0.110 0.111 0.115 
Mg 1.896 1.894 1.887 1.883 1.895 1.884 1.891 1.885 1.880 
Ca 0.003 0.004 0.003 0.004 0.004 0.003 0.003 0.003 0.003 
Na 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
K 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.001 0.002 0.001 0.002 0.002 0.003 0.002 0.001 0.003 
Ni 0.009 0.010 0.009 0.008 0.010 0.009 0.009 0.007 0.009 
Cr 0.005 0.004 0.002 0.003 0.003 0.005 0.003 0.004 0.005 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 








Table 2.1 cont. 
  KBA 12-13-75 KBA 12-13-76 KBA 12-13-77 KBA 12-13-78 KBA 12-13-79 KBA 12-13-80 KBA 12-13-81 KBA 12-13-82 KBA 12-13-83 
SiO2 41.38 41.35 41.58 41.38 41.42 41.22 41.39 40.86 41.43 
Al2O3 0.08 0.05 0.04 0.05 0.08 0.06 0.09 0.07 0.07 
FeO 5.87 4.84 5.39 5.19 4.85 5.92 4.96 6.86 4.93 
MgO 52.46 53.41 52.97 53.13 53.35 52.21 53.39 51.29 53.46 
CaO 0.11 0.16 0.14 0.12 0.13 0.14 0.13 0.14 0.00 
Na2O 0.02 0.00 0.01 0.01 0.00 0.00 0.02 0.00 0.01 
K2O 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 
TiO2 0.00 0.00 0.02 0.01 0.04 0.00 0.01 0.01 0.01 
MnO 0.10 0.05 0.13 0.09 0.09 0.10 0.08 0.09 0.08 
NiO 0.49 0.46 0.45 0.42 0.47 0.37 0.44 0.37 0.46 
Cr2O3 0.24 0.25 0.16 0.20 0.18 0.19 0.16 0.32 0.22 
V2O5 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Total 100.78 100.57 100.89 100.61 100.62 100.22 100.68 100.01 100.68 
          
Si 0.991 0.988 0.993 0.990 0.989 0.993 0.989 0.991 0.989 
Al 0.002 0.001 0.001 0.001 0.002 0.002 0.003 0.002 0.002 
Fe2+ 0.118 0.097 0.108 0.104 0.097 0.119 0.099 0.139 0.098 
Mg 1.874 1.903 1.885 1.895 1.900 1.875 1.901 1.854 1.903 
Ca 0.003 0.004 0.003 0.003 0.003 0.004 0.003 0.004 0.000 
Na 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Mn 0.002 0.001 0.003 0.002 0.002 0.002 0.002 0.002 0.002 
Ni 0.009 0.009 0.009 0.008 0.009 0.007 0.009 0.007 0.009 
Cr 0.004 0.005 0.003 0.004 0.003 0.004 0.003 0.006 0.004 
V 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 








Table 2.1 cont. 
  KBA 12-13-84 KBA 12-13-85 KBA 12-13-86 KBA 12-13-87 KBA 12-13-88 KBA 12-13-89 KBA 12-13-90 KBA 12-13-91 KBA 12-3-8 
SiO2 41.04 41.16 41.05 41.43 41.44 41.31 41.02 41.88 41.07 
Al2O3 0.05 0.05 0.05 0.06 0.07 0.05 0.06 0.03 0.18 
FeO 4.97 5.69 5.76 5.32 4.60 4.78 5.29 4.66 5.73 
MgO 52.73 52.63 52.40 53.09 53.05 53.41 53.35 53.22 52.04 
CaO 0.00 0.15 0.10 0.13 0.13 0.15 0.14 0.11 0.12 
Na2O 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.02 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.01 0.01 
TiO2 0.00 0.00 0.01 0.02 0.00 0.00 0.02 0.02 0.00 
MnO 0.10 0.05 0.11 0.05 0.07 0.04 0.08 0.05 0.11 
NiO 0.38 0.40 0.42 0.51 0.45 0.43 0.44 0.44 0.47 
Cr2O3 0.24 0.15 0.31 0.20 0.13 0.13 0.24 0.16 0.25 
V2O5 0.00 0.01 0.00 0.00 0.00 0.02 0.02 0.00 0.00 
Total 99.53 100.30 100.22 100.81 99.96 100.34 100.69 100.59 99.97 
          
Si 0.991 0.990 0.989 0.990 0.995 0.989 0.982 0.998 0.991 
Al 0.001 0.001 0.001 0.002 0.002 0.001 0.002 0.001 0.005 
Fe2+ 0.100 0.114 0.116 0.106 0.092 0.096 0.106 0.093 0.116 
Mg 1.899 1.886 1.882 1.891 1.898 1.906 1.905 1.891 1.873 
Ca 0.000 0.004 0.003 0.003 0.003 0.004 0.004 0.003 0.003 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.002 0.001 0.002 0.001 0.002 0.001 0.002 0.001 0.002 
Ni 0.007 0.008 0.008 0.010 0.009 0.008 0.008 0.008 0.009 
Cr 0.005 0.003 0.006 0.004 0.002 0.002 0.005 0.003 0.005 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 








Table 2.1 cont. 
  KBA 12-3-9 KBA 12-3-17 KBA 12-3-18 KBA 12-3-43 KBA 12-3-50 KBA 12-3-7 SA 501-8-3 SA 501-8-8 
SiO2 41.41 41.42 41.70 41.64 41.70 41.37 41.74 41.34 
Al2O3 0.07 0.08 0.13 0.20 0.10 0.12 0.05 0.07 
FeO 5.91 5.51 5.58 5.63 6.52 5.88 4.57 4.56 
MgO 52.67 52.32 52.56 52.61 51.24 52.21 53.45 53.55 
CaO 0.13 0.10 0.14 0.13 0.12 0.15 0.11 0.10 
Na2O 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.02 
K2O 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
TiO2 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 
MnO 0.07 0.10 0.11 0.08 0.06 0.10 0.07 0.09 
NiO 0.52 0.52 0.41 0.48 0.46 0.48 0.45 0.43 
Cr2O3 0.18 0.27 0.09 0.22 0.19 0.22 0.10 0.21 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.98 100.30 100.72 100.99 100.43 100.51 100.57 100.37 
         
Si 0.990 0.995 0.997 0.994 1.003 0.993 0.995 0.989 
Al 0.002 0.002 0.004 0.006 0.003 0.003 0.001 0.002 
Fe2+ 0.118 0.111 0.112 0.112 0.131 0.118 0.091 0.091 
Mg 1.878 1.874 1.873 1.871 1.838 1.869 1.900 1.909 
Ca 0.003 0.003 0.004 0.003 0.003 0.004 0.003 0.002 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.001 0.002 0.002 0.002 0.001 0.002 0.001 0.002 
Ni 0.010 0.010 0.008 0.009 0.009 0.009 0.009 0.008 
Cr 0.003 0.005 0.002 0.004 0.004 0.004 0.002 0.004 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 




The olivine crystals are normally zoned, with Mg-rich cores of relative uniform 
composition at Fo95 and a slight decrease in Fo content towards the apparent rims (Figure 2.8). 
The true original rims of the olivine are absent, due to partial serpentinization of crystals.  This 
traverse may represent mostly core material, and therefore the slight decrease in Fo contents  
from apparent core  (Fo95) towards the rims (Fo94) observed in Figure 2.8 may be due to the more 
Fe-rich rims being serpentinized. 
Chromite. The different morphological types of chromite are compositionally similar.  Electron 
microprobe analyses of chromites of the Weltevreden Formation komatiites are presented in 
Table 2.2.  These chromites are very chromium rich, typical of all chromites from komatiites of 
Barberton (Byerly, 1999).  They have Cr numbers [100Cr/(Cr+Al)] up to 85.6 (Kareem and 
Byerly, 2003).   For a wide range of Fe numbers [(100Fe2+/Mg+Fe2+)], Cr number stays basically 
constant (Figure 2.9).   
Sirgudsson and Schilling (1976) noted a correlation between Al contents in spinel and 
basalts.  Dick and Bullen (1984) also noted a correlation between the chemistry of spinel and 
modern volcanic rocks.  Komatiitic chromites from the Barberton Greenstone Belt have high Cr 
numbers relative to other modern basaltic chromites (Figure 2.9 - Byerly, 1999; Dick and Bullen, 
1984).  Al-depleted komatiites have relatively Cr-rich spinels, Al-enriched komatiites have 
relatively Cr-poor spinels, and Al-undepleted komatiites have spinels with intermediate Al2O3 
contents.  Based on their Cr numbers these chromites are Type 1 spinels, characteristic of Al-
undepleted komatiites (Figure 2.9a).  The komatiitic chromites of the Weltevreden Formation 
plot in the Type 1 field, typical of Al-undepleted komatiites.  The Type 1 chromites in these 
komatiites have higher Cr numbers than those observed in modern abyssal basalts and oceanic 




























Figure 2.8.  Graph of Fo (%)  for a traverse across an olivine crystal in a partially serpentinized 
















0 10 200 300 400
micrometers 




Table 2.2.  Chemical compositions of chromites from the Weltevreden Formation komatiites.  Number of ions calculated on the basis 
of 32 oxygens.   
 
  KBA 12-1-2 KBA 12-1-3 KBA 12-1-4 KBA 12-1-5 KBA 12-1-6 KBA 12-1-7 KBA 12-1-8 KBA 12-1-9 KBA 12-1-10 
SiO2 0.11 0.15 0.17 0.15 0.14 0.19 0.22 0.14 0.16 
Al2O3 7.56 8.14 7.90 8.23 8.25 8.75 8.47 8.85 7.42 
FeO 12.30 14.96 14.58 15.92 14.63 20.95 16.90 19.42 14.40 
Fe2O3 3.17 3.95 3.41 3.85 4.24 5.27 4.64 4.60 3.75 
MgO 13.47 11.59 11.90 11.07 11.91 7.58 10.13 8.56 11.96 
CaO 0.03 0.02 0.03 0.02 0.06 0.10 0.06 0.07 0.03 
Na2O 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 
TiO2 0.12 0.19 0.15 0.21 0.19 0.23 0.21 0.17 0.17 
MnO 0.11 0.13 0.10 0.13 0.12 0.16 0.14 0.25 0.13 
NiO 0.12 0.13 0.16 0.11 0.15 0.09 0.11 0.08 0.13 
Cr2O3 63.03 60.00 61.23 59.98 60.10 55.37 57.42 56.49 61.48 
V2O5 0.13 0.18 0.14 0.15 0.16 0.20 0.16 0.24 0.13 
Total 100.16 99.46 99.79 99.81 99.95 98.90 98.45 98.88 99.75 
          
Si 0.029 0.040 0.044 0.039 0.036 0.051 0.059 0.037 0.042 
Al 2.320 2.538 2.454 2.567 2.556 2.814 2.688 2.826 2.310 
Fe2+ 2.678 3.309 3.213 3.523 3.216 4.779 3.805 4.400 3.180 
Fe3+ 0.621 0.787 0.677 0.767 0.838 1.081 0.940 0.939 0.745 
Mg 5.229 4.572 4.676 4.368 4.667 3.084 4.067 3.457 4.709 
Ti 0.024 0.038 0.030 0.041 0.038 0.047 0.042 0.035 0.033 
Mn 0.025 0.029 0.021 0.028 0.026 0.037 0.031 0.057 0.028 
Ni 0.026 0.028 0.035 0.022 0.032 0.020 0.023 0.018 0.028 
Cr 12.974 12.552 12.758 12.550 12.489 11.945 12.225 12.099 12.838 
V 0.022 0.032 0.024 0.026 0.027 0.037 0.029 0.042 0.023 
            
Cr/(Cr+Al+Fe3+) 0.722 0.682 0.692 0.673 0.684 0.611 0.653 0.626 0.700 
Al/(Cr+Al+Fe3+) 0.129 0.138 0.133 0.138 0.140 0.144 0.144 0.146 0.126 
Fe3+/(Cr+Al+Fe3+) 0.149 0.180 0.174 0.189 0.176 0.245 0.203 0.228 0.174 
            
Cr # 84.8 83.2 83.9 83.0 83.0 80.9 82.0 81.1 84.8 
Mg # 66.1 58.0 59.3 55.3 59.2 39.2 51.7 44.0 59.7 





Table 2.2 cont. 
  KBA 12-3-1 KBA 12-3-2 KBA 12-3-3 KBA 12-3-4 KBA 12-3-5 KBA 12-3-6 KBA 12-4-8 KBA 12-4-9 KBA 12-4-10 
SiO2 0.17 0.20 0.21 0.14 0.18 0.24 0.13 0.10 0.13 
Al2O3 9.06 9.16 8.34 8.05 8.07 8.57 6.97 7.36 7.78 
FeO 18.27 21.06 17.53 18.72 20.84 19.80 16.35 12.92 12.17 
Fe2O3 5.00 5.82 4.75 4.01 4.69 4.78 4.42 3.39 3.30 
MgO 9.33 7.24 9.88 9.10 7.49 8.16 10.91 13.04 13.38 
CaO 0.00 0.07 0.07 0.00 0.20 0.03 0.05 0.02 0.07 
Na2O 0.01 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.00 
K2O 0.01 0.02 0.00 0.01 0.00 0.00 0.00 0.02 0.01 
TiO2 0.24 0.26 0.20 0.18 0.18 0.23 0.14 0.15 0.14 
MnO 0.19 0.14 0.15 0.12 0.23 0.23 0.12 0.08 0.10 
NiO 0.13 0.13 0.12 0.14 0.14 0.10 0.07 0.10 0.09 
Cr2O3 56.24 53.22 57.96 58.67 56.61 56.04 61.53 62.67 61.87 
V2O5 0.21 0.24 0.16 0.20 0.17 0.17 0.13 0.17 0.12 
Total 98.88 97.58 99.38 99.34 98.81 98.35 100.82 100.02 99.16 
          
Si 0.047 0.055 0.057 0.037 0.048 0.065 0.035 0.027 0.035 
Al 2.874 2.983 2.631 2.559 2.607 2.759 2.170 2.270 2.407 
Fe2+ 4.112 4.866 3.925 4.223 4.776 4.523 3.612 2.826 2.673 
Fe3+ 1.013 1.210 0.956 0.813 0.967 0.983 0.878 0.668 0.652 
Mg 3.744 2.983 3.943 3.659 3.061 3.323 4.298 5.087 5.237 
Ti 0.049 0.055 0.041 0.036 0.038 0.048 0.028 0.030 0.028 
Mn 0.043 0.032 0.035 0.028 0.054 0.054 0.027 0.018 0.021 
Ni 0.029 0.029 0.025 0.031 0.031 0.023 0.014 0.020 0.020 
Cr 11.967 11.627 12.268 12.509 12.269 12.103 12.853 12.964 12.842 
V 0.038 0.044 0.028 0.036 0.031 0.031 0.022 0.029 0.020 
           
Cr/(Cr+Al+Fe3+) 0.631 0.597 0.652 0.648 0.624 0.624 0.690 0.718 0.717 
Al/(Cr+Al+Fe3+) 0.152 0.153 0.140 0.133 0.133 0.142 0.116 0.126 0.134 
Fe3+/(Cr+Al+Fe3+) 0.217 0.250 0.208 0.219 0.243 0.233 0.194 0.156 0.149 
           
Cr # 80.6 79.6 82.3 83.0 82.5 81.4 85.6 85.1 84.2 
Mg # 47.7 38.0 50.1 46.4 39.1 42.4 54.3 64.3 66.2 






Table 2.2 cont. 
  KBA 12-4-11 KBA 12-5-8 KBA 12-5-9 KBA 12-6-3 KBA 12-6-4 KBA 12-6-5 KBA 12-6-6 KBA 12-6-7 KBA 12-7-2 
SiO2 0.15 0.13 0.14 0.09 0.12 0.15 0.07 0.18 0.13 
Al2O3 7.95 8.33 8.10 8.40 7.73 8.30 8.01 8.38 7.41 
FeO 21.04 19.61 14.85 14.74 15.45 14.32 17.46 19.72 11.90 
Fe2O3 5.71 4.73 3.38 3.76 4.00 3.73 4.03 4.31 3.31 
MgO 7.48 8.39 11.38 11.78 11.09 12.03 10.05 8.10 13.68 
CaO 0.05 0.03 0.10 0.03 0.04 0.04 0.03 0.07 0.00 
Na2O 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.01 0.00 
K2O 0.00 0.05 0.00 0.00 0.06 0.00 0.04 0.00 0.02 
TiO2 0.13 0.19 0.16 0.20 0.19 0.16 0.17 0.19 0.11 
MnO 0.24 0.20 0.13 0.08 0.14 0.16 0.16 0.21 0.09 
NiO 0.12 0.07 0.13 0.13 0.09 0.18 0.09 0.11 0.13 
Cr2O3 56.21 56.77 59.58 59.94 59.67 60.45 59.60 56.34 63.03 
V2O5 0.18 0.16 0.17 0.19 0.17 0.18 0.16 0.20 0.12 
Total 99.28 98.68 98.12 99.34 98.76 99.70 99.87 97.81 99.92 
          
Si 0.041 0.036 0.038 0.025 0.032 0.040 0.018 0.049 0.033 
Al 2.561 2.675 2.561 2.616 2.440 2.573 2.519 2.716 2.277 
Fe2+ 4.810 4.468 3.330 3.257 3.460 3.151 3.896 4.536 2.594 
Fe3+ 1.174 0.969 0.682 0.747 0.807 0.738 0.809 0.891 0.649 
Mg 3.048 3.409 4.551 4.642 4.428 4.718 3.999 3.321 5.318 
Ti 0.028 0.039 0.033 0.040 0.038 0.031 0.034 0.039 0.021 
Mn 0.056 0.045 0.031 0.019 0.032 0.035 0.037 0.048 0.020 
Ni 0.027 0.016 0.027 0.027 0.020 0.038 0.020 0.023 0.028 
Cr 12.147 12.232 12.635 12.525 12.635 12.572 12.576 12.249 12.993 
V 0.032 0.029 0.030 0.034 0.029 0.032 0.028 0.036 0.021 
           
Cr/(Cr+Al+Fe3+) 0.622 0.631 0.682 0.681 0.682 0.687 0.662 0.628 0.727 
Al/(Cr+Al+Fe3+) 0.131 0.138 0.138 0.142 0.132 0.141 0.133 0.139 0.127 
Fe3+/(Cr+Al+Fe3+) 0.246 0.231 0.180 0.177 0.187 0.172 0.205 0.233 0.145 
           
Cr # 82.6 82.1 83.1 82.7 83.8 83.0 83.3 81.9 85.1 
Mg # 38.8 43.3 57.7 58.8 56.1 60.0 50.7 42.3 67.2 






Table 2.2 cont. 
  KBA 12-7-3 KBA 12-7-4 KBA 12-7-5 KBA 12-7-6 KBA 12-7-7 KBA 12-8-11 KBA 12-8-13 KBA 12-10-11 KBA 12-10-14 
SiO2 0.11 0.14 0.11 0.13 0.07 0.12 0.12 0.21 0.26 
Al2O3 7.42 7.68 7.52 7.84 7.26 7.94 7.94 8.78 9.85 
FeO 17.79 12.89 12.20 17.07 13.78 12.22 11.64 21.31 19.63 
Fe2O3 3.55 3.52 2.66 3.54 3.68 3.54 3.80 4.81 5.02 
MgO 9.91 12.96 13.48 10.17 12.39 13.28 13.47 7.04 8.35 
CaO 0.01 0.02 0.00 0.06 0.04 0.02 0.01 0.17 0.18 
Na2O 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 
K2O 0.00 0.00 0.02 0.02 0.01 0.00 0.00 0.02 0.00 
TiO2 0.12 0.15 0.14 0.17 0.14 0.14 0.14 0.21 0.23 
MnO 0.10 0.04 0.06 0.07 0.06 0.12 0.05 0.15 0.15 
NiO 0.15 0.13 0.19 0.14 0.15 0.18 0.16 0.14 0.19 
Cr2O3 61.10 61.69 63.40 59.84 61.99 61.34 60.42 54.57 54.28 
V2O5 0.14 0.11 0.12 0.13 0.15 0.12 0.15 0.21 0.18 
Total 100.42 99.33 99.89 99.19 99.73 99.02 97.92 97.61 98.32 
          
Si 0.030 0.037 0.028 0.035 0.017 0.032 0.032 0.057 0.070 
Al 2.330 2.381 2.313 2.479 2.257 2.460 2.481 2.867 3.150 
Fe2+ 3.963 2.835 2.661 3.830 3.040 2.686 2.582 4.939 4.455 
Fe3+ 0.711 0.698 0.523 0.716 0.731 0.701 0.758 1.003 1.025 
Mg 3.937 5.082 5.245 4.069 4.872 5.206 5.324 2.908 3.378 
Ti 0.024 0.031 0.028 0.035 0.028 0.028 0.028 0.043 0.046 
Mn 0.023 0.009 0.014 0.016 0.013 0.027 0.011 0.035 0.036 
Ni 0.033 0.027 0.039 0.030 0.032 0.038 0.035 0.031 0.041 
Cr 12.871 12.828 13.081 12.696 12.927 12.751 12.665 11.955 11.644 
V 0.025 0.019 0.020 0.023 0.026 0.020 0.027 0.038 0.033 
           
Cr/(Cr+Al+Fe3+) 0.672 0.711 0.724 0.668 0.709 0.712 0.714 0.605 0.605 
Al/(Cr+Al+Fe3+) 0.122 0.132 0.128 0.130 0.124 0.137 0.140 0.145 0.164 
Fe3+/(Cr+Al+Fe3+) 0.207 0.157 0.147 0.202 0.167 0.150 0.146 0.250 0.231 
           
Cr # 84.7 84.3 85.0 83.7 85.1 83.8 83.6 80.7 78.7 
Mg # 49.8 64.2 66.3 51.5 61.6 66.0 67.3 37.1 43.1 






Table 2.2 cont. 
  KBA 12-10-15 KBA 12-10-16 KBA 12-10-18 KBA 12-10-20 KBA 12-10-21 KBA 12-11-2 KBA 12-11-3 KBA 12-11-4 KBA 12-11-8 
SiO2 3.98 0.27 0.14 0.24 0.24 0.19 0.20 0.21 0.23 
Al2O3 9.13 10.23 8.15 8.08 7.91 10.15 10.76 10.67 8.10 
FeO 16.09 18.79 20.44 16.54 16.38 20.04 20.39 21.74 20.17 
Fe2O3 8.47 5.03 5.04 4.75 4.47 4.63 4.92 4.71 3.79 
MgO 8.79 8.96 7.80 10.58 10.43 8.37 8.05 7.33 8.07 
CaO 0.14 0.13 0.05 0.07 0.08 0.10 0.20 0.16 0.30 
Na2O 0.05 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 
K2O 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.02 0.01 
TiO2 0.22 0.20 0.18 0.13 0.16 0.19 0.20 0.18 0.14 
MnO 0.77 0.15 0.18 0.10 0.07 0.15 0.15 0.16 0.22 
NiO 0.17 0.13 0.10 0.18 0.08 0.10 0.09 0.09 0.08 
Cr2O3 47.50 54.08 56.32 58.91 58.24 54.94 53.28 53.76 58.05 
V2O5 0.20 0.20 0.19 0.13 0.17 0.19 0.20 0.20 0.16 
Total 95.50 98.16 98.62 99.71 98.25 99.05 98.44 99.22 99.32 
          
Si 1.078 0.072 0.039 0.063 0.064 0.050 0.053 0.058 0.064 
Al 2.913 3.256 2.632 2.533 2.516 3.221 3.432 3.397 2.592 
Fe2+ 3.642 4.243 4.684 3.678 3.696 4.512 4.615 4.911 4.579 
Fe3+ 1.726 1.023 1.039 0.951 0.909 0.938 1.001 0.957 0.774 
Mg 3.548 3.607 3.186 4.196 4.197 3.360 3.248 2.952 3.267 
Ti 0.046 0.040 0.037 0.026 0.032 0.039 0.041 0.037 0.028 
Mn 0.177 0.034 0.042 0.023 0.016 0.034 0.034 0.036 0.051 
Ni 0.036 0.028 0.023 0.039 0.017 0.021 0.019 0.019 0.017 
Cr 10.167 11.546 12.201 12.389 12.427 11.694 11.399 11.482 12.462 
V 0.036 0.035 0.035 0.022 0.031 0.034 0.035 0.036 0.028 
           
Cr/(Cr+Al+Fe3+) 0.608 0.606 0.625 0.666 0.667 0.602 0.586 0.580 0.635 
Al/(Cr+Al+Fe3+) 0.174 0.171 0.135 0.136 0.135 0.166 0.176 0.172 0.132 
Fe3+/(Cr+Al+Fe3+) 0.218 0.223 0.240 0.198 0.198 0.232 0.237 0.248 0.233 
           
Cr # 77.7 78.0 82.3 83.0 83.2 78.4 76.9 77.2 82.8 
Mg # 49.3 45.9 40.5 53.3 53.2 42.7 41.3 37.5 41.6 






Table 2.2 cont. 
  KBA 12-11-9 KBA 12-12a-11 KBA 12-12a-12 KBA 12-12a-13 KBA 12-12a-14 KBA 12-12a-15 KBA 12-12a-16 KBA 12-12a-18 KBA 12-12a-19 
SiO2 0.22 0.18 0.08 0.12 0.10 0.15 0.13 0.10 0.17 
Al2O3 7.83 8.76 8.16 8.25 8.25 10.77 7.07 8.97 9.16 
FeO 22.00 19.11 19.34 15.56 19.72 18.89 17.94 18.28 17.43 
Fe2O3 3.81 3.70 2.96 2.96 3.13 3.34 3.10 3.88 3.95 
MgO 6.91 8.73 8.82 11.46 8.63 9.16 9.51 9.60 10.05 
CaO 0.23 0.16 0.05 0.05 0.04 0.13 0.02 0.01 0.12 
Na2O 0.04 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 
K2O 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
TiO2 0.11 0.19 0.18 0.13 0.19 0.18 0.10 0.19 0.17 
MnO 0.19 0.18 0.13 0.08 0.12 0.15 0.11 0.20 0.11 
NiO 0.08 0.11 0.10 0.09 0.04 0.11 0.10 0.14 0.14 
Cr2O3 57.87 57.38 59.67 61.37 59.33 55.83 60.77 58.52 57.87 
V2O5 0.17 0.22 0.17 0.15 0.19 0.23 0.15 0.22 0.15 
Total 99.47 98.72 99.65 100.23 99.75 98.94 99.01 100.12 99.32 
          
Si 0.059 0.048 0.022 0.031 0.027 0.039 0.034 0.026 0.044 
Al 2.527 2.797 2.590 2.557 2.619 3.391 2.258 2.810 2.879 
Fe2+ 5.038 4.328 4.356 3.422 4.441 4.220 4.065 4.063 3.886 
Fe3+ 0.785 0.754 0.600 0.585 0.634 0.671 0.632 0.777 0.793 
Mg 2.821 3.526 3.542 4.493 3.465 3.649 3.841 3.804 3.995 
Ti 0.023 0.039 0.036 0.025 0.038 0.037 0.021 0.039 0.033 
Mn 0.044 0.042 0.029 0.017 0.028 0.034 0.025 0.046 0.025 
Ni 0.017 0.024 0.022 0.019 0.008 0.024 0.022 0.029 0.030 
Cr 12.527 12.289 12.707 12.760 12.633 11.793 13.017 12.298 12.200 
V 0.031 0.039 0.030 0.026 0.034 0.040 0.026 0.038 0.027 
           
Cr/(Cr+Al+Fe3+) 0.624 0.633 0.647 0.681 0.641 0.608 0.673 0.641 0.643 
Al/(Cr+Al+Fe3+) 0.126 0.144 0.132 0.136 0.133 0.175 0.117 0.147 0.152 
Fe3+/(Cr+Al+Fe3+) 0.251 0.223 0.222 0.183 0.226 0.217 0.210 0.212 0.205 
           
Cr # 83.2 81.5 83.1 83.3 82.8 77.7 85.2 81.4 80.9 
Mg # 35.9 44.9 44.8 56.8 43.8 46.4 48.6 48.4 50.7 






Table 2.2 cont. 
  KBA 12-13-10 KBA 12-13-11 KBA 12-13-12 KBA 12-13-13 KBA 12-13-14 KBA 12-13-15 KBA 12-13-16 KBA 12-13-2 KBA 12-13-4 
SiO2 0.66 0.18 0.18 0.16 0.18 0.20 0.19 0.49 0.29 
Al2O3 8.16 8.89 8.33 8.68 8.60 8.92 8.55 8.14 8.24 
FeO 14.35 19.56 12.30 15.37 18.23 19.90 15.97 18.32 15.84 
Fe2O3 4.47 4.70 3.00 3.73 4.12 4.93 4.14 4.81 3.76 
MgO 11.59 8.27 13.49 11.52 9.67 7.99 10.95 9.03 10.80 
CaO 0.07 0.04 0.01 0.05 0.06 0.06 0.02 0.02 0.05 
Na2O 0.03 0.02 0.01 0.00 0.02 0.00 0.00 0.02 0.03 
K2O 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.03 
TiO2 0.13 0.19 0.16 0.18 0.17 0.18 0.20 0.17 0.15 
MnO 0.11 0.17 0.10 0.09 0.19 0.17 0.14 0.16 0.07 
NiO 0.09 0.08 0.10 0.10 0.09 0.11 0.13 0.13 0.10 
Cr2O3 58.07 55.37 62.05 59.86 58.88 54.85 58.95 56.70 58.73 
V2O5 0.14 0.21 0.16 0.15 0.14 0.24 0.16 0.20 0.12 
Total 97.90 97.68 99.89 99.89 100.35 97.55 99.42 98.19 98.20 
          
Si 0.175 0.048 0.048 0.042 0.046 0.054 0.050 0.133 0.077 
Al 2.572 2.875 2.551 2.692 2.692 2.893 2.674 2.609 2.610 
Fe2+ 3.209 4.487 2.673 3.382 4.049 4.580 3.545 4.166 3.561 
Fe3+ 0.900 0.971 0.587 0.738 0.823 1.021 0.827 0.984 0.761 
Mg 4.621 3.383 5.226 4.519 3.828 3.278 4.332 3.661 4.328 
Ti 0.027 0.039 0.031 0.036 0.034 0.037 0.041 0.035 0.031 
Mn 0.024 0.039 0.023 0.019 0.042 0.041 0.031 0.037 0.015 
Ni 0.020 0.019 0.021 0.021 0.018 0.025 0.027 0.028 0.021 
Cr 12.278 12.011 12.748 12.452 12.362 11.933 12.368 12.190 12.481 
V 0.026 0.037 0.027 0.026 0.025 0.043 0.029 0.035 0.021 
           
Cr/(Cr+Al+Fe3+) 0.680 0.620 0.709 0.672 0.647 0.615 0.665 0.643 0.669 
Al/(Cr+Al+Fe3+) 0.142 0.148 0.142 0.145 0.141 0.149 0.144 0.138 0.140 
Fe3+/(Cr+Al+Fe3+) 0.178 0.232 0.149 0.183 0.212 0.236 0.191 0.220 0.191 
           
Cr # 82.7 80.7 83.3 82.2 82.1 80.5 82.2 82.4 82.7 
Mg # 59.0 43.0 66.2 57.2 48.6 41.7 55.0 46.8 54.9 






Table 2.2 cont. 
  KBA 12-13-5 KBA 12-13-6 KBA 12-13-7 KBA 12-13-8 KBA 12-13-9 KBA 12-13-10 KBA 12-13-11 KBA 12-13-12 KBA 12-13-13 
SiO2 0.27 0.27 0.28 0.28 0.26 0.28 0.28 0.27 0.28 
Al2O3 8.24 8.38 8.33 8.32 8.50 8.45 8.42 8.51 8.32 
FeO 15.05 14.38 13.69 13.32 12.99 12.59 12.13 12.07 12.17 
Fe2O3 3.85 3.86 3.86 3.86 3.57 3.59 3.33 3.98 3.82 
MgO 11.42 11.89 12.16 12.51 12.71 12.90 13.14 13.38 13.33 
CaO 0.00 0.02 0.02 0.03 0.05 0.02 0.00 0.03 0.02 
Na2O 0.00 0.03 0.01 0.00 0.03 0.00 0.00 0.00 0.01 
K2O 0.00 0.00 0.02 0.01 0.00 0.00 0.01 0.00 0.00 
TiO2 0.15 0.19 0.16 0.16 0.16 0.15 0.17 0.16 0.14 
MnO 0.08 0.15 0.16 0.11 0.12 0.07 0.11 0.15 0.13 
NiO 0.07 0.13 0.09 0.14 0.14 0.15 0.12 0.17 0.18 
Cr2O3 59.27 59.68 59.24 59.81 59.88 59.74 59.99 60.19 60.62 
V2O5 0.13 0.17 0.16 0.12 0.13 0.13 0.17 0.16 0.16 
Total 98.52 99.14 98.18 98.69 98.55 98.08 97.87 99.06 99.19 
          
Si 0.071 0.070 0.073 0.075 0.070 0.074 0.075 0.070 0.074 
Al 2.592 2.610 2.613 2.592 2.646 2.638 2.628 2.624 2.566 
Fe2+ 3.358 3.178 3.046 2.945 2.869 2.789 2.686 2.641 2.662 
Fe3+ 0.773 0.768 0.774 0.769 0.709 0.716 0.663 0.783 0.753 
Mg 4.544 4.685 4.825 4.930 5.004 5.094 5.189 5.220 5.200 
Ti 0.030 0.037 0.032 0.033 0.033 0.030 0.034 0.031 0.028 
Mn 0.019 0.034 0.036 0.025 0.026 0.016 0.026 0.033 0.028 
Ni 0.015 0.027 0.019 0.030 0.029 0.032 0.026 0.035 0.039 
Cr 12.506 12.471 12.466 12.500 12.503 12.511 12.562 12.452 12.541 
V 0.023 0.029 0.028 0.021 0.023 0.022 0.029 0.028 0.028 
           
Cr/(Cr+Al+Fe3+) 0.678 0.683 0.688 0.693 0.694 0.697 0.703 0.703 0.706 
Al/(Cr+Al+Fe3+) 0.140 0.143 0.144 0.144 0.147 0.147 0.147 0.148 0.144 
Fe3+/(Cr+Al+Fe3+) 0.182 0.174 0.168 0.163 0.159 0.156 0.150 0.149 0.150 
           
Cr # 82.8 82.7 82.7 82.8 82.5 82.6 82.7 82.6 83.0 
Mg # 57.5 59.6 61.3 62.6 63.6 64.6 65.9 66.4 66.1 






Table 2.2 cont. 
  KBA 12-13-14 KBA 12-13-16 KBA 12-13-17 KBA 12-13-18 KBA 12-13-19 KBA 12-13-20 KBA 12-13-21 KBA 12-13-22 KBA 12-13-23 
SiO2 0.27 0.26 0.27 0.28 0.27 0.29 0.50 0.62 0.88 
Al2O3 8.37 8.37 8.30 8.31 8.27 8.24 8.05 8.07 8.04 
FeO 11.93 12.14 11.58 11.57 11.58 11.94 13.30 13.96 11.84 
Fe2O3 3.61 2.99 3.66 3.72 3.47 3.49 3.47 4.44 4.70 
MgO 13.28 13.32 13.47 13.58 13.61 13.48 12.10 11.76 13.35 
CaO 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.02 
Na2O 0.00 0.00 0.03 0.04 0.00 0.00 0.03 0.01 0.00 
K2O 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
TiO2 0.17 0.15 0.17 0.16 0.16 0.13 0.14 0.16 0.16 
MnO 0.15 0.06 0.05 0.12 0.10 0.12 0.40 0.50 0.22 
NiO 0.15 0.14 0.16 0.13 0.10 0.12 0.16 0.12 0.18 
Cr2O3 60.05 61.01 59.87 60.28 60.61 60.99 59.65 58.95 59.77 
V2O5 0.15 0.15 0.13 0.15 0.14 0.13 0.14 0.12 0.15 
Total 98.17 98.60 97.73 98.37 98.33 98.96 97.98 98.72 99.31 
          
Si 0.071 0.067 0.071 0.073 0.071 0.076 0.132 0.163 0.230 
Al 2.605 2.594 2.591 2.577 2.565 2.544 2.529 2.523 2.469 
Fe2+ 2.635 2.669 2.565 2.546 2.548 2.615 2.966 3.097 2.580 
Fe3+ 0.718 0.591 0.729 0.737 0.686 0.688 0.697 0.886 0.921 
Mg 5.228 5.222 5.319 5.327 5.340 5.265 4.810 4.652 5.186 
Ti 0.033 0.029 0.035 0.031 0.032 0.026 0.028 0.032 0.031 
Mn 0.034 0.013 0.011 0.026 0.022 0.026 0.090 0.113 0.048 
Ni 0.033 0.030 0.034 0.028 0.021 0.026 0.035 0.026 0.037 
Cr 12.536 12.684 12.537 12.539 12.611 12.634 12.573 12.365 12.313 
V 0.027 0.026 0.023 0.026 0.024 0.023 0.025 0.021 0.027 
           
Cr/(Cr+Al+Fe3+) 0.705 0.707 0.709 0.710 0.712 0.710 0.696 0.688 0.709 
Al/(Cr+Al+Fe3+) 0.147 0.145 0.146 0.146 0.145 0.143 0.140 0.140 0.142 
Fe3+/(Cr+Al+Fe3+) 0.148 0.149 0.145 0.144 0.144 0.147 0.164 0.172 0.149 
           
Cr # 82.8 83.0 82.9 83.0 83.1 83.2 83.3 83.1 83.3 
Mg # 66.5 66.2 67.5 67.7 67.7 66.8 61.9 60.0 66.8 






Table 2.2 cont. 
  KBA 12-13-29 KBA 12-12b-6 KBA 12-12b-7 KBA 12-12b-8 KBA 12-12b-9 KBA 12-12b-10 KBA 12-12b-12 KBA 12-16-30 KBA 12-16-31 
SiO2 0.17 0.12 0.13 0.11 0.15 0.18 0.15 0.18 0.26 
Al2O3 7.10 7.81 8.11 8.21 7.60 7.74 8.29 6.55 6.89 
FeO 13.90 12.20 15.85 15.66 13.52 17.20 21.26 15.70 18.59 
Fe2O3 3.26 2.51 3.02 2.70 2.61 2.55 3.71 3.64 4.15 
MgO 12.31 13.48 11.03 11.25 12.69 10.02 7.64 10.92 9.11 
CaO 0.03 0.02 0.04 0.02 0.05 0.08 0.09 0.03 0.01 
Na2O 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 
K2O 0.03 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.02 
TiO2 0.16 0.15 0.14 0.10 0.13 0.15 0.14 0.10 0.16 
MnO 0.10 0.02 0.04 0.18 0.10 0.16 0.09 0.13 0.13 
NiO 0.12 0.15 0.11 0.10 0.11 0.08 0.06 0.13 0.03 
Cr2O3 62.61 62.96 60.47 61.34 63.09 60.71 58.21 61.72 59.82 
V2O5 0.14 0.14 0.14 0.10 0.13 0.16 0.18 0.11 0.12 
Total 99.93 99.57 99.09 99.81 100.17 99.03 99.83 99.21 99.30 
          
Si 0.045 0.031 0.034 0.030 0.039 0.048 0.040 0.049 0.070 
Al 2.204 2.405 2.548 2.559 2.343 2.453 2.648 2.072 2.201 
Fe2+ 3.061 2.666 3.534 3.464 2.957 3.868 4.817 3.525 4.214 
Fe3+ 0.647 0.494 0.606 0.538 0.513 0.516 0.757 0.735 0.846 
Mg 4.834 5.251 4.384 4.436 4.948 4.017 3.087 4.370 3.681 
Ti 0.031 0.029 0.027 0.021 0.026 0.031 0.028 0.020 0.032 
Mn 0.023 0.004 0.009 0.039 0.021 0.035 0.022 0.030 0.030 
Ni 0.026 0.032 0.023 0.022 0.024 0.017 0.013 0.028 0.007 
Cr 13.037 13.007 12.746 12.825 13.045 12.906 12.472 13.097 12.819 
V 0.024 0.025 0.025 0.017 0.022 0.028 0.033 0.019 0.022 
           
Cr/(Cr+Al+Fe3+) 0.712 0.719 0.677 0.680 0.711 0.671 0.626 0.701 0.666 
Al/(Cr+Al+Fe3+) 0.120 0.133 0.135 0.136 0.128 0.128 0.133 0.111 0.114 
Fe3+/(Cr+Al+Fe3+) 0.167 0.147 0.188 0.184 0.161 0.201 0.242 0.189 0.219 
           
Cr # 85.5 84.4 83.3 83.4 84.8 84.0 82.5 86.3 85.3 
Mg # 61.2 66.3 55.4 56.1 62.6 50.9 39.1 55.4 46.6 






Table 2.2 cont. 
  KBA 12-16-32 KBA 12-16-33 KBA 12-16-34 KBA 12-16-35 SA427-1-6 SA427-1-9 
SiO2 0.12 0.16 0.13 0.14 0.10 0.17 
Al2O3 8.11 7.50 7.57 8.46 8.21 10.78 
FeO 15.45 12.30 12.82 12.97 16.29 20.95 
Fe2O3 3.60 2.94 3.47 3.73 3.44 6.74 
MgO 11.07 13.19 12.93 12.99 10.69 7.77 
CaO 0.01 0.01 0.01 0.02 0.06 0.09 
Na2O 0.00 0.00 0.00 0.02 0.00 0.01 
K2O 0.00 0.00 0.01 0.00 0.00 0.00 
TiO2 0.16 0.14 0.13 0.18 0.18 0.24 
MnO 0.17 0.11 0.09 0.10 0.18 0.19 
NiO 0.10 0.08 0.11 0.12 0.14 0.08 
Cr2O3 59.50 62.18 61.72 60.74 59.96 51.72 
V2O5 0.18 0.12 0.12 0.20 0.12 0.24 
Total 98.47 98.73 99.10 99.67 99.37 98.98 
       
Si 0.032 0.043 0.034 0.036 0.027 0.046 
Al 2.562 2.334 2.353 2.604 2.579 3.430 
Fe2+ 3.463 2.716 2.829 2.833 3.632 4.731 
Fe3+ 0.726 0.584 0.688 0.734 0.689 1.370 
Mg 4.423 5.193 5.085 5.058 4.248 3.128 
Ti 0.031 0.028 0.025 0.036 0.035 0.048 
Mn 0.039 0.024 0.019 0.023 0.042 0.043 
Ni 0.022 0.018 0.024 0.026 0.031 0.018 
Cr 12.608 12.982 12.872 12.543 12.636 11.040 
V 0.031 0.021 0.021 0.034 0.021 0.042 
        
Cr/(Cr+Al+Fe3+) 0.677 0.720 0.713 0.698 0.670 0.575 
Al/(Cr+Al+Fe3+) 0.137 0.129 0.130 0.145 0.137 0.179 
Fe3+/(Cr+Al+Fe3+) 0.186 0.151 0.157 0.158 0.193 0.246 
        
Cr # 83.1 84.8 84.5 82.8 83.0 76.3 
Mg # 56.1 65.7 64.3 64.1 53.9 39.8 






























Figure 2.9.  a.  Fe # vs. Cr # for Weltevreden Formation chromites and other chromites from the 
Barberton Greenstone Belt.  The fields illustrated are chromite compositions from the 3 different 
chemical groups of komatiites, modified after Byerly, 1999.  b.  Fe # vs. Cr # for Weltevreden 
Formation chromites and fields for chromites from modern volcanics from Dick and Bullen, 
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The komatiitic chromites of the Weltevreden Formation have Mg numbers up to 72.3 
(Figure 2.10).  Relative to the Mg number, Al/(Cr+Al+Fe3+), Fe3+/(Cr+Al+Fe3+), V2O5 (wt.%), 
TiO2 (wt.%), and MnO (wt.%) show a negative correlation (Figure 2.10).   Figure 2.11 is a 
traverse that shows the relationship between Mg and Cr in chromite from core to rim.  Mg 
number decreases from the core to rim; however Cr number is relatively constant through a wide 
range of Mg numbers (Figure 2.11).   
Pyroxene.  Orthopyroxene, pigeonite and augite are all present in the Weltevreden Formation 
komatiites (Figure 2.12).  The occurrence of orthopyroxene as a major constituent of komatiites 
is rare.  Although only some orthopyroxene is preserved mainly in coarse-grained cumulate 
zones of thick flows and shallow sills in other Barberton komatiites (Byerly 1999), there is 
abundant orthopyroxene in the spinifex and cumulate layers of the Weltevreden Formation 
komatiites.  Orthopyroxene has cores of Mg number 91.3 and Wo 0.02 [Wo = 
(Ca/(Ca+Mg+Fe2+)].  Pigeonite has Mg number 87.0 and Wo 0.13. Augite has a maximum Mg 
number 87.0 and Wo 0.30 (Figure 2.13).  Electron microprobe analyses of orthopyroxenes and 
clinopyroxenes of the Weltevreden Formation komatiites are in Table 2.3.  The ~3.5 – 3.2 Ga 
Commondale Greenstone Belt also contains orthopyroxene bearing komatiites (Williams et al., 
2000).  The pyroxenes from the Weltevreden Formation contain significant amounts of Al2O3, 
Cr2O3, NiO and TiO2 (wt.%), up to 9.16, 1.50, 0.16, and 0.93 wt.%, respectively.  The general 
trends in Figure 2.13 illustrate that Al2O3 and TiO2 are negatively correlated with Mg number, 
and Cr2O3 and NiO are positively correlated with Mg number.  However, orthopyroxene, 
pigeonite and augite have different trends.  In general, augite contains more Al2O3 and TiO2 than  

























Figure 2.10.  Graphs of  chromite compositions.  a.   Mg # vs. Al/(Cr+Al+Fe3+).  b.  Mg # vs. 
Fe3+/(Cr+Al+Fe3+).  c.  Mg # vs. V2O5 (wt.%).  d.      Mg # vs. TiO2 (wt.%).  e.  Mg # vs. MnO 
(wt.%).   f.  Mg # vs. NiO (wt.%).  Trend lines represent regression lines. 
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Figure 2.11.  Traverse across a chromite crystal, from apparent rim to rim. Apparent rim is used 
























































Figure 2.12.  Composition of pyroxenes from the spinifex and cumulate layers, plotted in the 

























Figure 2.13.  Graphs of pyroxene compositions.  a.  Mg # vs. Al2O3 (wt.%).  b.  Mg # vs. Cr2O3 





































































   
 
   
     
   
   



























































































































higher Cr2O3 than pyroxenes of komatiites from the Mendon Formation (0-0.50 wt.% - Byerly, 
1999) Reliance Formation (0.70-0.73 wt.% - Nisbet et al., 1987), and Munro Township (0.28-
0.47 wt.% - Arndt et al., 1977).  The Al2O3 and TiO2 contents in the komatiitic pyroxenes of the 
Weltevreden Formation are comparable to those of pyroxenes from the Mendon Formation, 0.76-
13.21 wt.% and 0.05-1.43 wt.%, respectively (Byerly, 1999). 
Byerly (1999) noted a relationship between the Al2O3/TiO2 ratios in clinopyroxenes and 
the Al2O3/TiO2 ratios of the Mendon Formation komatiites.  He noted that Al-depleted 
komatiites contain clinopyroxenes with Al2O3/TiO2 ratios of ~ 5, Al-enriched komatiites contain 
clinopyroxenes with Al2O3/TiO2 ratios of ~ 25, and Al-undepleted komatiites contain 
clinopyroxenes with Al2O3/TiO2 ratios of ~ 15.  The augites of the Weltevreden Formation have 
Al2O3/TiO2 ratios of 10 – 20, which is consistent with the Al-undepleted character of these rocks.  
The Al2O3/TiO2 ratios of the orthopyroxenes and pigeonite range up to higher Al2O3/TiO2 ratios 
than the augites.          Orthopyroxene and pigeonite have Al2O3/TiO2 ratios ranging from 14 – 45 
and 12 – 32, respectively.  These values are intermediate to Al2O3/TiO2 ratios in pyroxenes of 
Al-depleted and Al-enriched komatiites of the Barberton Greenstone Belt (Byerly, 1999), 
consistent with the Al-undepleted character of these rocks.  Figure 2.14 is a traverse across a 
pyroxene crystal.  This traverse illustrates the zoning observed in the pyroxene: Mg number and 
Cr2O3 (wt.%) decreases and Wo content and TiO2 (wt.%) increases, from core to rim.  
Compositional zoning is observed in these pyroxenes; the dramatic decrease in Mg number and 
Cr2O3, and increase in Wo and TiO2 corresponds to the augite rim surrounding orthopyroxene 

























Figure 2.14.  Traverse across a pyroxene crystal (in cumulate rock) from core to rim.  a.  Mg #.  













































Table 2.3.  Chemical compositions of pyroxenes from the Weltevreden Formation komatiites.  Number of ions on the basis of 6 O. 
 pig pig pig pig pig cpx cpx pig aug 
  KBA 12-1-16 KBA12-1-2 KBA12-1-3 KBA12-1-4 KBA12-1-5 KBA12-1-6 KBA12-1-7 KBA 12-3-51 KBA 12-3-52 
SiO2 54.23 54.93 54.50 54.05 53.26 52.69 50.77 54.42 52.22 
Al2O3 1.72 1.45 1.50 1.59 1.84 2.21 3.96 1.67 2.76 
FeO 10.16 10.15 9.68 10.03 10.05 9.62 8.21 8.28 6.76 
MgO 29.64 30.64 29.52 29.31 27.85 23.10 17.53 28.44 19.52 
CaO 3.26 2.91 4.03 3.98 5.60 12.09 18.90 5.64 17.45 
Na2O 0.01 0.01 0.02 0.01 0.04 0.02 0.08 0.04 0.07 
K2O 0.00 0.00 0.03 0.00 0.05 0.00 0.04 0.01 0.00 
TiO2 0.08 0.06 0.09 0.05 0.13 0.13 0.34 0.11 0.25 
MnO 0.30 0.28 0.30 0.22 0.40 0.19 0.23 0.21 0.19 
NiO 0.06 0.03 0.05 0.07 0.02 0.03 0.07 0.05 0.05 
Cr2O3 1.05 0.83 0.80 0.78 0.69 0.41   1.23 0.52 
V2O5 0.05 0.03 0.02 0.03 0.03 0.08 0.12 0.03 0.09 
Total 100.58 101.32 100.54 100.13 99.98 100.56 100.42 100.11 99.87 
          
Si 1.920 1.926 1.929 1.924 1.911 1.908 1.868 1.931 1.908 
Al 0.072 0.060 0.063 0.067 0.078 0.092 0.132 0.069 0.092 
Σ tetrah. 1.992 1.986 1.992 1.991 1.989 2.000 2.000 2.000 2.000 
Al 0.000 0.000 0.000 0.000 0.000 0.002 0.040 0.001 0.027 
Fe2+ 0.301 0.298 0.286 0.299 0.302 0.291 0.253 0.246 0.207 
Mg 1.565 1.602 1.558 1.555 1.490 1.247 0.962 1.505 1.064 
Ca 0.124 0.109 0.153 0.152 0.215 0.469 0.745 0.214 0.683 
Na 0.001 0.001 0.001 0.001 0.003 0.001 0.006 0.002 0.005 
K 0.000 0.000 0.001 0.000 0.002 0.000 0.002 0.001 0.000 
Ti 0.002 0.001 0.002 0.001 0.004 0.004 0.010 0.003 0.007 
Mn 0.009 0.008 0.009 0.007 0.012 0.006 0.007 0.006 0.006 
Ni 0.002 0.001 0.001 0.002 0.001 0.001 0.002 0.001 0.001 
Cr 0.029 0.023 0.022 0.022 0.020 0.012 0.005 0.034 0.015 
V 0.001 0.001 0.000 0.001 0.001 0.002 0.003 0.001 0.002 
           
Wo 0.062 0.054 0.077 0.076 0.107 0.234 0.380 0.109 0.350 
En 0.787 0.797 0.780 0.775 0.742 0.621 0.491 0.766 0.544 
Fs 0.151 0.148 0.143 0.149 0.150 0.145 0.129 0.125 0.106 





Table 2.3 cont. 
 pig aug aug aug aug aug aug aug aug 
  KBA 12-3-54 KBA 12-3-55 KBA 12-4-1 KBA 12-4-4 KBA 12-4-6 KBA 12-4-9 KBA 12-4-13 KBA 12-4-14 KBA 12-5-12 
SiO2 54.29 51.65 51.30 51.04 51.65 51.06 50.50 50.99 54.07 
Al2O3 1.63 3.77 3.73 3.14 3.42 4.23 5.27 4.24 2.01 
FeO 7.84 6.45 8.79 8.65 9.53 8.70 8.92 7.67 7.94 
MgO 27.66 18.46 17.48 19.38 18.18 17.56 16.56 16.46 26.68 
CaO 7.06 19.09 18.37 16.15 16.71 18.03 18.69 20.52 9.39 
Na2O 0.02 0.11 0.11 0.09 0.07 0.13 0.11 0.13 0.06 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.00 
TiO2 0.10 0.25 0.25 0.19 0.23 0.30 0.25 0.30 0.09 
MnO 0.24 0.16 0.26 0.24 0.26 0.28 0.32 0.16 0.23 
NiO 0.05 0.08 0.06 0.03 0.06 0.04 0.05 0.07 0.15 
Cr2O3 0.85 0.13 0.12 0.86 0.29 0.37 0.19 0.25 0.31 
V2O5 0.06 0.08 0.07 0.08 0.10 0.12 0.09 0.07 0.05 
Total 99.80 100.24 100.54 99.84 100.50 100.82 100.97 100.90 100.99 
          
Si 1.935 1.886 1.885 1.881 1.895 1.870 1.851 1.870 1.918 
Al 0.065 0.114 0.115 0.119 0.105 0.130 0.149 0.130 0.082 
Σ tetrah. 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Al 0.004 0.049 0.046 0.017 0.043 0.052 0.079 0.053 0.002 
Fe2+ 0.234 0.197 0.270 0.267 0.292 0.266 0.273 0.235 0.236 
Mg 1.470 1.005 0.958 1.065 0.995 0.959 0.905 0.900 1.411 
Ca 0.270 0.747 0.723 0.638 0.657 0.707 0.734 0.806 0.357 
Na 0.001 0.008 0.008 0.006 0.005 0.009 0.008 0.009 0.004 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 
Ti 0.003 0.007 0.007 0.005 0.006 0.008 0.007 0.008 0.002 
Mn 0.007 0.005 0.008 0.008 0.008 0.009 0.010 0.005 0.007 
Ni 0.001 0.002 0.002 0.001 0.002 0.001 0.002 0.002 0.004 
Cr 0.024 0.004 0.004 0.025 0.008 0.011 0.005 0.007 0.009 
V 0.001 0.002 0.002 0.002 0.002 0.003 0.002 0.002 0.001 
           
Wo 0.137 0.383 0.371 0.324 0.338 0.366 0.384 0.415 0.178 
En 0.745 0.516 0.491 0.541 0.512 0.496 0.473 0.464 0.704 
Fs 0.118 0.101 0.138 0.135 0.150 0.138 0.143 0.121 0.118 





Table 2.3 cont. 
 pig aug pig pig aug pig aug aug opx 
  KBA 12-5-13 KBA 12-5-14 KBA 12-6-3 KBA 12-6-5 KBA 12-6-6 KBA 12-6-9 KBA 12-6-10 KBA 12-6-11 KBA 12-7-15 
SiO2 55.69 50.93 52.81 51.94 47.19 54.59 46.72 50.58 56.64 
Al2O3 1.05 4.12 3.74 4.19 9.14 1.67 9.16 4.98 1.15 
FeO 8.34 6.96 10.03 10.16 8.11 8.34 7.93 6.17 5.98 
MgO 31.73 18.98 26.40 26.36 14.93 30.17 15.65 19.05 34.72 
CaO 3.05 17.78 6.68 6.66 19.84 4.69 18.50 18.32 1.27 
Na2O 0.04 0.08 0.03 0.06 0.16 0.01 0.10 0.09 0.05 
K2O 0.05 0.00 0.00 0.06 0.00 0.07 0.00 0.05 0.00 
TiO2 0.04 0.31 0.23 0.25 0.93 0.14 0.69 0.35 0.02 
MnO 0.16 0.12 0.20 0.27 0.15 0.22 0.14 0.19 0.17 
NiO 0.10 0.11 0.16 0.12 0.06 0.09 0.10 0.13 0.15 
Cr2O3 0.51 0.00 0.04 0.08 0.05 0.25 0.02 0.11 0.74 
V2O5 0.04 0.12 0.08 0.08 0.19 0.04 0.15 0.13 0.00 
Total 100.78 99.53 100.41 100.21 100.76 100.27 99.16 100.16 100.89 
          
Si 1.945 1.872 1.886 1.864 1.738 1.927 1.741 1.846 1.946 
Al 0.043 0.128 0.114 0.136 0.262 0.069 0.259 0.154 0.047 
Σ tetrah. 1.988 2.000 2.000 2.000 2.000 1.996 2.000 2.000 1.992 
Al 0.000 0.050 0.044 0.041 0.134 0.000 0.143 0.060 0.000 
Fe2+ 0.244 0.214 0.300 0.305 0.250 0.246 0.247 0.188 0.172 
Mg 1.652 1.040 1.406 1.410 0.820 1.588 0.869 1.036 1.778 
Ca 0.114 0.700 0.256 0.256 0.783 0.177 0.739 0.716 0.047 
Na 0.003 0.006 0.002 0.004 0.011 0.000 0.007 0.007 0.003 
K 0.002 0.000 0.000 0.003 0.000 0.003 0.000 0.002 0.000 
Ti 0.001 0.009 0.006 0.007 0.026 0.004 0.019 0.010 0.000 
Mn 0.005 0.004 0.006 0.008 0.005 0.006 0.004 0.006 0.005 
Ni 0.003 0.003 0.005 0.003 0.002 0.003 0.003 0.004 0.004 
Cr 0.014 0.000 0.001 0.002 0.002 0.007 0.001 0.003 0.020 
V 0.001 0.003 0.002 0.002 0.005 0.001 0.004 0.003 0.000 
           
Wo 0.057 0.358 0.130 0.130 0.423 0.088 0.398 0.369 0.023 
En 0.822 0.532 0.717 0.715 0.443 0.789 0.469 0.534 0.891 
Fs 0.121 0.109 0.153 0.155 0.135 0.122 0.133 0.097 0.086 





Table 2.3 cont. 
 aug opx opx aug opx pig aug opx aug 
  KBA 12-7-17 KBA 12-7-18 KBA 12-7-19 KBA 12-7-19 KBA 12-7-20 KBA 12-7-21 KBA 12-7-22 KBA 12-7-23 KBA 12-7-24 
SiO2 50.30 56.05 56.81 53.20 56.78 56.58 50.74 56.33 51.68 
Al2O3 6.39 1.18 0.96 2.92 0.98 0.90 5.96 1.02 4.12 
FeO 6.95 6.54 6.79 5.36 6.43 6.45 6.73 6.30 5.72 
MgO 17.57 33.38 33.91 19.52 34.87 33.40 18.28 34.05 18.49 
CaO 18.58 2.46 2.00 18.98 1.29 2.74 18.11 2.21 19.69 
Na2O 0.10 0.03 0.01 0.09 0.04 0.01 0.14 0.02 0.12 
K2O 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 
TiO2 0.44 0.07 0.07 0.16 0.04 0.06 0.49 0.02 0.27 
MnO 0.15 0.21 0.17 0.16 0.20 0.22 0.15 0.20 0.16 
NiO 0.10 0.14 0.10 0.07 0.14 0.14 0.14 0.12 0.08 
Cr2O3 0.08 0.64 0.34 0.33 0.66 0.39 0.03 0.47 0.11 
V2O5 0.13 0.00 0.00 0.06 0.02 0.00 0.11 0.04 0.10 
Total 100.82 100.70 101.14 100.85 101.47 100.89 100.89 100.78 100.54 
          
Si 1.828 1.941 1.954 1.917 1.944 1.954 1.838 1.945 1.878 
Al 0.172 0.048 0.039 0.083 0.040 0.037 0.162 0.041 0.122 
Σ tetrah. 2.000 1.990 1.993 2.000 1.984 1.991 2.000 1.986 2.000 
Al 0.102 0.000 0.000 0.041 0.000 0.000 0.093 0.000 0.055 
Fe2+ 0.211 0.189 0.195 0.162 0.184 0.186 0.204 0.182 0.174 
Mg 0.952 1.724 1.739 1.049 1.780 1.720 0.987 1.753 1.002 
Ca 0.723 0.091 0.074 0.733 0.047 0.102 0.703 0.082 0.767 
Na 0.007 0.002 0.001 0.006 0.003 0.001 0.010 0.001 0.008 
K 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
Ti 0.012 0.002 0.002 0.004 0.001 0.001 0.013 0.001 0.007 
Mn 0.005 0.006 0.005 0.005 0.006 0.007 0.005 0.006 0.005 
Ni 0.003 0.004 0.003 0.002 0.004 0.004 0.004 0.003 0.002 
Cr 0.002 0.018 0.009 0.009 0.018 0.011 0.001 0.013 0.003 
V 0.003 0.000 0.000 0.001 0.000 0.000 0.003 0.001 0.002 
           
Wo 0.383 0.045 0.037 0.377 0.023 0.051 0.371 0.041 0.395 
En 0.505 0.860 0.866 0.540 0.885 0.857 0.521 0.869 0.516 
Fs 0.112 0.095 0.097 0.083 0.092 0.093 0.108 0.090 0.089 





Table 2.3 cont. 
 opx opx aug pig aug aug aug aug aug 
  KBA 12-7-25 KBA 12-7-26 KBA 12-7-27 KBA 12-11-29 KBA 12-11-34 KBA 12-11-38 KBA 12-12a-1 KBA 12-12a-2 KBA 12-12a-3 
SiO2 57.73 56.94 50.76 54.93 48.21 48.25 52.31 50.34 50.89 
Al2O3 0.93 1.01 5.88 1.41 8.30 8.64 1.05 4.81 1.46 
FeO 6.10 6.00 6.80 9.96 9.24 8.74 5.75 9.40 5.86 
MgO 35.31 35.11 18.72 30.44 15.48 15.86 19.49 16.73 22.03 
CaO 1.14 1.07 17.62 3.06 19.40 18.63 18.83 18.29 16.26 
Na2O 0.03 0.01 0.12 0.06 0.12 0.12 0.14 0.09 0.15 
K2O 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 
TiO2 0.03 0.03 0.35 0.05 0.41 0.40 0.02 0.26 0.08 
MnO 0.11 0.16 0.25 0.31 0.24 0.24 0.25 0.25 0.35 
NiO 0.16 0.13 0.12 0.09 0.06 0.03 0.06 0.07 0.07 
Cr2O3 0.73 0.69 0.07 0.67 0.00 0.12 0.53 0.12 1.02 
V2O5 0.01 0.01 0.08 0.03 0.11 0.11 0.00 0.08 0.02 
Total 102.27 101.17 100.79 100.99 101.56 101.15 98.44 100.44 98.19 
          
Si 1.954 1.949 1.840 1.931 1.765 1.766 1.942 1.858 1.892 
Al 0.037 0.041 0.160 0.059 0.235 0.234 0.046 0.142 0.064 
Σ tetrah. 1.992 1.990 2.000 1.990 2.000 2.000 1.988 2.000 1.956 
Al 0.000 0.000 0.091 0.000 0.124 0.138 0.000 0.067 0.000 
Fe2+ 0.173 0.172 0.206 0.293 0.283 0.267 0.179 0.290 0.182 
Mg 1.782 1.792 1.011 1.596 0.845 0.865 1.079 0.920 1.221 
Ca 0.041 0.039 0.684 0.115 0.761 0.730 0.749 0.723 0.648 
Na 0.002 0.001 0.008 0.004 0.009 0.009 0.010 0.006 0.011 
K 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 
Ti 0.001 0.001 0.010 0.001 0.011 0.011 0.001 0.007 0.002 
Mn 0.003 0.005 0.008 0.009 0.008 0.007 0.008 0.008 0.011 
Ni 0.004 0.004 0.003 0.003 0.002 0.001 0.002 0.002 0.002 
Cr 0.020 0.019 0.002 0.019 0.000 0.004 0.016 0.003 0.030 
V 0.000 0.000 0.002 0.001 0.003 0.003 0.000 0.002 0.000 
           
Wo 0.021 0.020 0.360 0.058 0.403 0.392 0.373 0.374 0.316 
En 0.893 0.895 0.532 0.796 0.447 0.464 0.538 0.476 0.595 
Fs 0.087 0.086 0.108 0.146 0.150 0.144 0.089 0.150 0.089 





Table 2.3 cont. 
 aug aug aug aug aug aug aug aug aug 
  KBA 12-12a-4 KBA 12-12a-11 KBA 12-12b-1 KBA 12-12b-2 KBA 12-12b-3 KBA 12-12b-4 KBA 12-12b-5 KBA 12-12b-6 KBA 12-12b-7 
SiO2 51.03 50.51 51.27 51.36 51.30 50.91 49.84 50.47 50.37 
Al2O3 3.80 5.50 4.17 4.38 4.23 4.34 5.34 5.44 5.16 
FeO 8.46 6.80 9.54 10.16 8.56 8.92 9.76 9.83 9.25 
MgO 17.71 16.21 17.62 18.79 17.50 16.68 16.48 16.93 17.12 
CaO 18.35 20.74 17.85 15.29 18.76 19.48 17.78 17.62 17.50 
Na2O 0.08 0.08 0.09 0.11 0.11 0.12 0.11 0.11 0.09 
K2O 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.02 0.02 
TiO2 0.22 0.36 0.27 0.23 0.25 0.23 0.30 0.32 0.34 
MnO 0.27 0.16 0.25 0.23 0.20 0.23 0.24 0.17 0.17 
NiO 0.08 0.02 0.00 0.00 0.07 0.07 0.00 0.03 0.04 
Cr2O3 0.13 0.31 0.09 0.09 0.12 0.05 0.15 0.15 0.27 
V2O5 0.10 0.10 0.09 0.11 0.10 0.08 0.10 0.09 0.13 
Total 100.22 100.81 101.27 100.75 101.21 101.12 100.09 101.18 100.47 
          
Si 1.879 1.846 1.873 1.876 1.872 1.867 1.846 1.847 1.852 
Al 0.121 0.154 0.127 0.124 0.128 0.133 0.154 0.153 0.148 
Σ tetrah. 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Al 0.044 0.083 0.052 0.064 0.054 0.055 0.079 0.081 0.075 
Fe2+ 0.261 0.208 0.291 0.310 0.261 0.274 0.302 0.301 0.284 
Mg 0.972 0.883 0.959 1.023 0.952 0.912 0.910 0.923 0.938 
Ca 0.724 0.812 0.698 0.598 0.733 0.765 0.705 0.691 0.689 
Na 0.005 0.006 0.007 0.008 0.008 0.008 0.008 0.008 0.006 
K 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 
Ti 0.006 0.010 0.008 0.006 0.007 0.006 0.008 0.009 0.010 
Mn 0.008 0.005 0.008 0.007 0.006 0.007 0.007 0.005 0.005 
Ni 0.002 0.001 0.000 0.000 0.002 0.002 0.000 0.001 0.001 
Cr 0.004 0.009 0.003 0.003 0.004 0.002 0.004 0.004 0.008 
V 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.002 0.003 
           
Wo 0.370 0.427 0.358 0.310 0.377 0.392 0.368 0.361 0.361 
En 0.497 0.464 0.492 0.530 0.489 0.467 0.475 0.482 0.491 
Fs 0.133 0.109 0.149 0.161 0.134 0.140 0.158 0.157 0.149 





Table 2.3 cont. 
 aug aug aug aug aug aug aug aug aug 
  KBA 12-12b-8 KBA 12-12b-9 KBA 12-12b-10 KBA 12-12b-11 KBA 12-12b-12 KBA 12-12b-13 KBA 12-12b-14 KBA 12-12b-15 KBA 12-12b-17 
SiO2 51.56 51.35 52.01 51.99 52.57 52.37 51.77 51.24 52.24 
Al2O3 3.95 3.82 3.42 3.39 2.95 3.18 3.68 3.70 4.07 
FeO 8.71 8.74 8.51 8.88 9.27 9.24 8.84 9.61 8.62 
MgO 18.31 18.65 19.37 19.72 20.85 20.59 18.96 17.55 22.65 
CaO 17.31 17.01 16.09 15.61 14.15 14.32 16.19 17.82 11.61 
Na2O 0.10 0.12 0.24 0.09 0.08 0.08 0.07 0.11 0.05 
K2O 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.02 
TiO2 0.25 0.19 0.15 0.17 0.14 0.10 0.20 0.25 0.10 
MnO 0.20 0.21 0.19 0.25 0.23 0.19 0.24 0.17 0.14 
NiO 0.06 0.07 0.06 0.00 0.04 0.05 0.03 0.04 0.00 
Cr2O3 0.25 0.39 0.44 0.59 0.55 0.38 0.17 0.12 0.00 
V2O5 0.10 0.05 0.09 0.08 0.08 0.04 0.06 0.06 0.03 
Total 100.79 100.62 100.59 100.77 100.92 100.52 100.23 100.68 99.54 
          
Si 1.882 1.879 1.895 1.892 1.904 1.904 1.895 1.884 1.894 
Al 0.118 0.121 0.105 0.108 0.096 0.096 0.105 0.116 0.106 
Σ tetrah. 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Al 0.052 0.043 0.042 0.037 0.030 0.040 0.053 0.044 0.068 
Fe2+ 0.266 0.267 0.259 0.270 0.281 0.281 0.271 0.295 0.261 
Mg 0.996 1.017 1.052 1.070 1.126 1.116 1.034 0.962 1.224 
Ca 0.677 0.667 0.628 0.608 0.549 0.558 0.635 0.702 0.451 
Na 0.007 0.009 0.017 0.006 0.006 0.006 0.005 0.008 0.004 
K 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Ti 0.007 0.005 0.004 0.005 0.004 0.003 0.006 0.007 0.003 
Mn 0.006 0.006 0.006 0.008 0.007 0.006 0.008 0.005 0.004 
Ni 0.002 0.002 0.002 0.000 0.001 0.002 0.001 0.001 0.000 
Cr 0.007 0.011 0.013 0.017 0.016 0.011 0.005 0.003 0.000 
V 0.002 0.001 0.002 0.002 0.002 0.001 0.001 0.001 0.001 
           
Wo 0.349 0.342 0.324 0.312 0.281 0.285 0.327 0.358 0.233 
En 0.514 0.521 0.542 0.549 0.576 0.571 0.533 0.491 0.632 
Fs 0.137 0.137 0.134 0.139 0.144 0.144 0.139 0.151 0.135 





Table 2.3 cont. 
 aug aug pig aug pig aug aug opx aug 
  KBA 12-12b-20 KBA 12-12b-22 KBA 12-12b-25 KBA 12-12b-26 KBA 12-12b-28 KBA 12-12b-29 KBA 12-12b-31 KBA 12-13-8 KBA 12-13-9 
SiO2 50.71 50.56 54.31 50.28 53.39 51.21 51.84 56.22 51.05 
Al2O3 4.68 4.70 1.44 5.00 2.24 4.34 3.96 1.06 4.77 
FeO 10.59 9.89 12.59 8.94 13.25 9.58 8.69 7.04 6.21 
MgO 17.93 17.31 27.05 16.94 25.45 18.04 18.46 33.26 17.94 
CaO 16.05 17.41 4.39 18.07 5.55 16.27 16.70 1.90 18.97 
Na2O 0.09 0.10 0.02 0.10 0.02 0.10 0.12 0.03 0.06 
K2O 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
TiO2 0.27 0.26 0.05 0.28 0.09 0.26 0.18 0.07 0.37 
MnO 0.22 0.22 0.26 0.22 0.20 0.19 0.19 0.15 0.16 
NiO 0.04 0.06 0.10 0.05 0.07 0.04 0.08 0.09 0.05 
Cr2O3 0.13 0.11 0.18 0.09 0.33 0.11 0.21 0.55 0.15 
V2O5 0.07 0.08 0.04 0.11 0.04 0.12 0.09 0.03 0.14 
Total 100.78 100.71 100.42 100.10 100.61 100.28 100.51 100.40 99.88 
          
Si 1.861 1.859 1.947 1.856 1.924 1.880 1.892 1.951 1.868 
Al 0.139 0.141 0.053 0.144 0.076 0.120 0.108 0.043 0.132 
Σ tetrah. 2.000 2.000 2.000 2.000 2.000 2.000 2.000 1.995 2.000 
Al 0.064 0.063 0.007 0.074 0.019 0.068 0.063 0.000 0.074 
Fe2+ 0.325 0.304 0.377 0.276 0.399 0.294 0.265 0.204 0.190 
Mg 0.981 0.949 1.445 0.932 1.367 0.987 1.005 1.721 0.979 
Ca 0.631 0.686 0.169 0.715 0.214 0.640 0.653 0.071 0.744 
Na 0.006 0.007 0.002 0.007 0.002 0.007 0.008 0.002 0.004 
K 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 
Ti 0.007 0.007 0.001 0.008 0.002 0.007 0.005 0.002 0.010 
Mn 0.007 0.007 0.008 0.007 0.006 0.006 0.006 0.004 0.005 
Ni 0.001 0.002 0.003 0.002 0.002 0.001 0.002 0.002 0.001 
Cr 0.004 0.003 0.005 0.003 0.009 0.003 0.006 0.015 0.004 
V 0.002 0.002 0.001 0.003 0.001 0.003 0.002 0.001 0.003 
           
Wo 0.326 0.354 0.085 0.372 0.108 0.333 0.340 0.035 0.389 
En 0.506 0.489 0.726 0.485 0.690 0.514 0.522 0.862 0.512 
Fs 0.168 0.157 0.189 0.144 0.202 0.153 0.138 0.102 0.099 





Table 2.3 cont. 
 opx aug pig aug opx aug opx aug opx 
  KBA 12-13-10 KBA 12-13-11 KBA 12-13-12 KBA 12-13-13 KBA 12-13-14 KBA 12-13-15 KBA 12-13-16 KBA 12-13-17 KBA 12-13-18 
SiO2 56.37 51.37 54.66 52.21 56.27 51.45 56.32 52.43 55.43 
Al2O3 1.05 4.60 1.52 3.74 1.36 4.06 1.08 2.39 1.26 
FeO 6.16 6.38 6.11 5.93 6.09 5.61 6.58 4.81 5.96 
MgO 34.13 19.06 31.49 19.99 34.08 18.86 33.68 18.97 33.92 
CaO 1.71 17.57 4.69 17.93 1.31 19.25 1.48 19.14 1.51 
Na2O 0.02 0.11 0.07 0.14 0.04 0.12 0.04 0.11 0.02 
K2O 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
TiO2 0.02 0.27 0.06 0.24 0.05 0.30 0.03 0.16 0.03 
MnO 0.15 0.14 0.23 0.15 0.08 0.18 0.18 0.12 0.18 
NiO 0.10 0.08 0.04 0.07 0.16 0.08 0.07 0.05 0.12 
Cr2O3 0.63 0.20 1.17 0.26 1.07 0.13 0.75 0.80 1.04 
V2O5 0.01 0.08 0.02 0.07 0.00 0.09 0.01 0.06 0.00 
Total 100.35 99.86 100.08 100.72 100.50 100.14 100.21 99.04 99.48 
          
Si 1.950 1.874 1.919 1.886 1.942 1.876 1.953 1.925 1.936 
Al 0.043 0.126 0.063 0.114 0.055 0.124 0.044 0.075 0.052 
Σ tetrah. 1.992 2.000 1.982 2.000 1.998 2.000 1.997 2.000 1.988 
Al 0.000 0.071 0.000 0.045 0.000 0.050 0.000 0.028 0.000 
Fe2+ 0.178 0.195 0.179 0.179 0.176 0.171 0.191 0.148 0.174 
Mg 1.760 1.036 1.648 1.077 1.754 1.025 1.741 1.038 1.766 
Ca 0.063 0.687 0.176 0.694 0.049 0.752 0.055 0.753 0.056 
Na 0.002 0.008 0.005 0.010 0.003 0.009 0.002 0.008 0.001 
K 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.007 0.002 0.006 0.001 0.008 0.001 0.004 0.001 
Mn 0.004 0.004 0.007 0.004 0.002 0.006 0.005 0.004 0.005 
Ni 0.003 0.002 0.001 0.002 0.004 0.002 0.002 0.001 0.003 
Cr 0.017 0.006 0.032 0.008 0.029 0.004 0.021 0.023 0.029 
V 0.000 0.002 0.001 0.002 0.000 0.002 0.000 0.002 0.000 
           
Wo 0.032 0.358 0.088 0.356 0.025 0.386 0.028 0.388 0.028 
En 0.879 0.540 0.822 0.552 0.887 0.526 0.876 0.536 0.885 
Fs 0.089 0.101 0.090 0.092 0.089 0.088 0.096 0.076 0.087 





Table 2.3 cont. 
 aug aug pig aug opx 
  KBA 12-13-19 KBA 12-13-20 KBA 12-13-21 KBA 12-13-11 KBA 12-13-12 
SiO2 50.11 50.70 54.27 50.93 55.23 
Al2O3 4.55 4.43 1.67 5.19 1.38 
FeO 5.85 5.63 6.25 6.13 6.07 
MgO 18.84 17.81 31.32 19.37 34.18 
CaO 17.83 18.55 4.07 17.32 1.33 
Na2O 0.09 0.10 0.05 0.06 0.02 
K2O 0.00 0.00 0.01 0.00 0.01 
TiO2 0.24 0.36 0.05 0.36 0.03 
MnO 0.17 0.14 0.20 0.14 0.13 
NiO 0.08 0.05 0.06 0.05 0.10 
Cr2O3 0.32 0.90 1.47 0.12 1.30 
V2O5 0.11 0.13 0.02 0.12 0.02 
Total 98.19 98.81 99.43 99.82 99.80 
      
Si 1.861 1.873 1.917 1.855 1.925 
Al 0.139 0.127 0.069 0.145 0.057 
Σ tetrah. 2.000 2.000 1.986 2.000 1.981 
Al 0.060 0.066 0.000 0.078 0.000 
Fe2+ 0.182 0.174 0.185 0.187 0.177 
Mg 1.043 0.981 1.649 1.052 1.776 
Ca 0.709 0.734 0.154 0.676 0.050 
Na 0.006 0.007 0.003 0.005 0.001 
K 0.000 0.000 0.000 0.000 0.001 
Ti 0.007 0.010 0.001 0.010 0.001 
Mn 0.005 0.004 0.006 0.004 0.004 
Ni 0.002 0.002 0.002 0.002 0.003 
Cr 0.010 0.026 0.041 0.004 0.036 
V 0.003 0.003 0.001 0.003 0.000 
       
Wo 0.367 0.389 0.077 0.353 0.025 
En 0.539 0.519 0.830 0.549 0.887 
Fs 0.094 0.092 0.093 0.098 0.088 





The samples analyzed from the Weltevreden Formation are highly magnesian komatiites, 
and yield the following MgO (wt.%) compositions: oriented spinifex-textured komatiites 30.09 – 
30.99 wt.%, random spinifex-textured komatiite 35.13 wt.%, and cumulate komatiites with up to 
45.85 wt.%.   The major and trace element data have been normalized on an anhydrous basis to 
100 wt.%, and listed along with trace element data in Table 2.4.    The komatiites of the 
Weltevreden Formation have MgO contents comparable to other komatiites and ultramafic 
intrusives from the Barberton Greenstone Belt (Smith et al., 1980; Anhaeusser, 1985; Byerly, 
1999), generally higher than komatiites from other greenstone belts (Arndt et al., 1977; Revillion 
et al., 2000).  The komatiites of the Weltevreden Formation have relatively low FeO contents 
that range from 5.50 to 9.44 wt.%, which are comparable to some komatiites in the Mendon 
Formation (Byerly, 1999), but lower than many other reported komatiites (Arndt et al., 1977; 
Nisbet et al., 1977; Revillion et al., 2000).   
When the immobile elements (Al2O3, TiO2, MnO, Cr2O3, Sc, Y, V, and Zr) are plotted 
against MgO wt.%, the majority of analytical data fall on an olivine control line that intersects 
the MgO (wt.%) axis at 54% - which suggests equilibrium with olivine of Fo96 during crystal 
accumulation (Figure 2.15).  This is consistent with the observed microprobe analyses of olivine 
cores.  Most immobile elements show a strong correlation with MgO (R2 ~ 0.90).   
The komatiites of the Weltevreden Formation have Al2O3 and TiO2 contents up to 6.09 
and 0.22 wt.%, respectively.  These rocks have Al2O3/TiO2 ratios of 26-33, comparable but 
slightly higher than other Type 1, Al-undepleted komatiitic lavas (Arndt et al., 1977; Nisbet et 
al., 1977).  Ni shows a positive correlation with MgO reflecting the fact that Ni is behaving 




the olivine composition can be predicted from the intersection of the control line with the NiO 
(ppm) axis (Figure 2.17).  When plotted against the incompatible elements Al2O3 and TiO2, Ni 
shows a negative correlation, and the control line intersects at approximately 3800 ppm.  This 
corresponds to the observed Ni content of the most magnesian olivine analyzed – which has a Ni 
composition of 0.47 wt.% NiO or 3693 ppm Ni.   
When plotted against MgO, K2O, Na2O, CaO, Ba, and Sr do not fall on olivine control 
lines, and are poorly correlated to MgO (Figure 2.18).  The irregular relationship of these 
elements to the olivine control line is consistent with other studies of komatiites as a 
consequence of mobilization the elements during alteration (Nesbitt et al., 1979; Smith and 
Erlank, 1982; Arndt, 1994). 
Rare Earth Elements.  Rare earth element results for the komatiites of the Weltevreden 
Formation  are presented in Table 2.5.  The komatiites of the Weltevreden Formation display flat 
heavy rare earth element patterns and slightly depleted light rare element patterns when 
normalized to primitive mantle (McDonough and Sun, 1995) and (Gd/Yb)N ratios ~ 1, similar to 
other Al-undepleted komatiites (Figure 2.19 - Lahaye et al., 1995).  Figure 2.19 illustrates the 
ratios of heavy rare earth elements in the Weltevreden Formation normalized to the primitive 
mantle in the spinifex-textured komatiites plot near 1, and the ratios of these elements in the 
cumulate komatiites are all less than 1.   
Melt Inclusion Chemistry  
The melt inclusions analyzed occur in the interior of fresh olivine crystals from the partially 
serpentinized cumulate layers.  Their compositions are in given Table 2.6.  The melt inclusions 
have much higher SiO2 contents and much lower MgO contents than the bulk rocks, 63.38-68.22 




Table 2.4.  Major and trace element compositions of bulk rocks from the Weltevreden komatiites 
by ICP analyses.  The major elements are normalized to 100% on anhydrous basis.  OSK:  
oriented spinifex-textured komatiite, RSK:  random spinifex-textured komatiite, PSCK:  partially 
serpentinized cumulate komatiite, SCK = serpentinized cumulate komatiite;  Keena’s 1st = 
Keena’s first flow, Keena’s 2nd = Keena’s second flow, Keena’s 3rd = Keena’s third flow. 
 
  Keena's 3rd  Keena's 2nd  Keena's 2nd  Keena's 2nd  Keena's 2nd  Keena's 2nd  Keena's 2nd  Keena's 1st  
  SCK OSK PSCK PSCK PSCK PSCK SCK RSK 
wt.% KBA12-1 SA427-1 KBA12-3 KBA12-6 KBA12-7 KBA12-8 KBA12-9 KBA12-10 
SiO2 47.79 49.19 45.48 45.54 46.26 45.67 46.08 46.45 
Al2O3 4.17 5.56 2.44 2.69 2.58 2.39 2.18 4.65 
FeO 8.09 9.28 6.50 6.98 7.20 7.22 5.52 8.64 
MgO 36.35 30.63 43.98 42.02 42.49 43.23 45.85 35.13 
CaO 3.10 4.84 1.32 2.53 1.22 1.28 0.18 4.78 
Na2O 0.08 0.05 0.06 0.02 0.04 0.03 0.02 0.04 
K2O 0.16 0.13 0.05 0.04 0.04 0.03 0.02 0.04 
TiO2 0.13 0.18 0.08 0.09 0.08 0.08 0.07 0.14 
MnO 0.13 0.15 0.11 0.10 0.08 0.09 0.09 0.14 
         
ppm         
Ba 1.88 7.98 1.33 0.33 0.74 0.21 0.84 7.19 
Co 176.66 106.00 111.16 112.48 109.66 306.77 266.18 106.87 
Cr 2797.19 3541.01 2158.56 2128.36 2216.05 2242.65 2087.22 3100.72 
Ni 1925.19 1423.24 2747.25 2448.17 2627.28 2660.97 2720.42 1842.13 
Sc  17.44 24.71 11.54 11.80 12.11 11.85 10.12 20.02 
Sr 3.32 6.43 1.44 1.36 1.50 1.31 1.91 6.06 
V 95.47 116.14 49.75 64.84 52.20 49.50 50.07 93.25 
Y 3.25 5.27 2.37 2.29 2.47 2.22 1.89 4.24 
Zr 9.37 14.23 6.61 7.26 7.80 8.33 4.95 11.56 
         
  Keena's 1st  Keena's 1st  Keena's 1st  Keena's 1st  Keena's 1st  Keena's 1st   Keena's 3rd  Keena's 1st  
  OSK OSK PSCK PSCK SCK PSCK PSCK PSCK 
wt.% KBA12-11 KBA12-12 KBA12-13 KBA12-16 KBA12-17 KBA12-18 KBA12-19 KBA12-20 
SiO2 47.40 47.62 46.65 45.15 44.27 45.40 47.80 44.26 
Al2O3 5.23 5.50 2.83 3.26 2.15 2.94 4.40 2.09 
FeO 7.63 8.00 6.22 7.91 8.59 7.89 8.07 8.79 
MgO 30.99 30.09 42.53 43.20 44.76 41.20 36.87 44.63 
CaO 8.37 8.42 1.53 0.22 0.08 2.28 2.38 0.03 
Na2O 0.04 0.03 0.02 0.00 0.00 0.03 0.05 0.02 
K2O 0.04 0.02 0.06 0.02 0.00 0.04 0.15 0.00 
TiO2 0.17 0.18 0.09 0.11 0.07 0.10 0.14 0.07 
MnO 0.13 0.14 0.08 0.13 0.08 0.12 0.13 0.10 
         
ppm         
Ba 7.75 8.87 1.97 4.31 1.84 0.76 7.32 1.00 
Co 95.26 89.70 105.28 117.92 120.40 117.88 107.12 116.07 
Cr 2949.62 3228.26 2255.90 2470.43 2343.55 2486.02 2989.03 1864.41 
Ni 1411.68 1268.25 2667.14 2543.45 2988.33 2451.01 2000.44 2574.10 
Sc  22.50 23.17 12.81 14.48 10.90 13.77 19.54 10.46 
Sr 7.48 7.02 2.76 4.17 1.59 2.39 5.54 1.34 
V 108.80 114.83 58.98 72.04 43.15 59.64 90.25 42.94 
Y 5.19 5.28 2.82 3.40 2.00 2.89 3.85 1.97 
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y = -0.29x + 12.48 
R2 = 0.96 
y = -0.0072x + 0.40 
R2 = 0.96 
y = -4.69x + 258.39 
R2 = 0.44 
y = -0.21x + 11.69 
R2 = 0.92 
y = -0.90x + 51.06 
R2 = 0.96 
y = -0.51x + 29.74 
R2 = 0.89 
y = -82.39x + 58.16 
R2 = 0.86 
y = -0.00336x + 0.254 



































































Figure 2.17.  Chemical compositions of whole rocks from the Weltevreden Formation.  a.  Graph 
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Figure 2.18.  Graphs of MgO (wt.%) vs. K2O (wt.%), Na2O (wt.%), Ba (ppm), Sr (ppm), and 
CaO (wt.%) for whole rocks of the Weltevreden Formation.  These elements do not fall on 
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Table 2.5.  Major and trace elements of the Weltevreden Formation komatiites by XRF and ICP-
MS.    
 
  Keena's 1st Keena's 2nd Keena's 2nd Keena's 2nd Keena's 1st Keena's 2nd Keena's 1st Keena's 2nd 
  SCK OSK SCK SCK OSK PSCK RSK PSCK 
wt.% 12-9 12-12 KBA12-16 KBA12-17 SA427-1 SA501-1 SA501-4 SA501-7 
SiO2 46.10 47.61 45.84 44.72 48.97 46.54 48.74 46.17 
Al2O3 2.20 5.66 3.33 2.11 5.67 2.65 5.78 2.90 
FeO 6.38 8.63 7.42 9.44 9.73 5.77 8.10 6.28 
MgO 44.94 28.23 42.75 43.46 29.97 43.85 31.54 42.30 
CaO 0.14 9.44 0.33 0.05 5.12 0.95 5.33 2.08 
Na2O 0.07 0.06 0.06 0.06 0.09 0.07 0.10 0.07 
K2O 0.01 0.04 0.03 0.01 0.10 0.03 0.04 0.04 
TiO2 0.07 0.17 0.11 0.06 0.17 0.08 0.20 0.09 
MnO 0.09 0.15 0.13 0.08 0.16 0.06 0.15 0.08 
P2O5   0.00 0.01 0.00 0.00 0.01 0.00 0.02 0.00 
         
ppm         
 Ni     2322.00   1069.00   2264.00  2431.00  1208.00  2410.00  1093.00   2307.00  
 Cr     1787.00   2733.00   2191.00  1938.00  3210.00  1860.00  2645.00   1946.00  
 Sc 13.00   19.00   12.00  11.00  26.00  14.00  24.00   10.00  
 V      49.00   119.00   83.00  53.00  130.00  63.00  117.00   57.00  
 Ba 5.00   21.00   19.00  4.00  17.00  7.00  16.00   10.00  
 Rb 1.00   4.00   3.00  1.00  9.00  3.00  7.00   3.00  
 Sr 4.00   9.00   8.00  4.00  11.00  5.00  9.00   6.00  
 Zr 7.00   15.00   10.00  7.00  15.00  8.00  17.00   10.00  
 Y 2.00   5.00   4.00  3.00  5.00  3.00  7.00   3.00  
 Nb 0.70   2.40   1.30  0.50  2.70  1.10  1.90   1.70  
 Ga 5.00   4.00   3.00  2.00  8.00  4.00  4.00   2.00  
 Cu 0.00   1.00   6.00  30.00  18.00  0.00  27.00   0.00  
 Zn 31.00   49.00   41.00  33.00  50.00  18.00  48.00   23.00  
 Pb 0.00   0.00   0.00  0.00  0.00  0.00  3.00   2.00  
         
La 0.35 0.67 0.41 0.30 0.68 0.32 0.87 0.43 
Ce 0.29 0.64 0.39 0.27 0.64 0.30 0.72 0.35 
Pr  0.28 0.63 0.38 0.26 0.65 0.30 0.73 0.34 
Nd  0.31 0.72 0.43 0.29 0.71 0.33 0.79 0.39 
Sm  0.37 0.92 0.53 0.33 0.96 0.41 0.97 0.44 
Eu  0.41 1.07 0.56 0.41 0.76 0.45 0.82 0.46 
Gd  0.41 1.04 0.63 0.35 1.03 0.46 1.04 0.51 
Tb 0.46 1.17 0.71 0.40 1.17 0.51 1.21 0.57 
Dy  0.48 1.21 0.75 0.44 1.25 0.52 1.26 0.60 
Ho  0.50 1.23 0.75 0.45 1.28 0.52 1.25 0.58 
Er  0.49 1.20 0.71 0.42 1.24 0.53 1.28 0.61 
Tm  0.48 1.17 0.71 0.41 1.21 0.53 1.25 0.61 
Yb  0.47 1.15 0.70 0.41 1.24 0.52 1.21 0.56 







Table 2.5 cont. 
  Keena's 2nd Keena's 2nd Keena's 2nd Gary's 2nd  
  PSCK PSCK PSCK PSCK 
wt.%  SA501-8 SA501-9 SA501-10 564-3 
SiO2 46.11 46.23 46.15 45.47 
Al2O3 2.82 3.13 3.00 2.95 
FeO 6.19 6.82 6.26 8.40 
MgO 43.02 41.45 42.10 40.86 
CaO 1.54 2.04 2.11 2.00 
Na2O 0.09 0.10 0.11 0.06 
K2O 0.05 0.05 0.06 0.03 
TiO2 0.09 0.10 0.12 0.08 
MnO 0.08 0.09 0.09 0.13 
P2O5   0.00 0.01 0.01 0.01 
     
ppm     
 Ni     2285.00   2199.00   2234.00  2074.00  
 Cr     1898.00   2024.00   1905.00  3758.00  
 Sc 12.00   14.00   16.00  14.00  
 V      61.00   70.00   71.00  51.00  
 Ba 5.00   11.00   14.00  0.00  
 Rb 4.00   4.00   5.00  2.00  
 Sr 6.00   7.00   13.00  4.00  
 Zr 10.00   9.00   13.00  9.00  
 Y 3.00   3.00   4.00  3.00  
 Nb 3.00   2.10   2.10  1.20  
 Ga 5.00   3.00   2.00  1.00  
 Cu 0.00   0.00   0.00  9.00  
 Zn 21.00   23.00   25.00  43.00  
 Pb 0.00   1.00   2.00  0.00  
     
La 0.37 0.39 0.32 0.18 
Ce 0.32 0.38 0.32 0.50 
Pr  0.34 0.38 0.33 0.08 
Nd  0.33 0.42 0.36 0.43 
Sm  0.44 0.51 0.43 0.18 
Eu  0.48 0.57 0.47 0.07 
Gd  0.47 0.59 0.51 0.24 
Tb 0.57 0.65 0.57 0.05 
Dy  0.57 0.67 0.61 0.36 
Ho  0.60 0.69 0.62 0.08 
Er  0.58 0.67 0.59 0.24 
Tm  0.57 0.66 0.59 0.03 
Yb  0.59 0.64 0.61 0.25 















Figure 2.19.  Graph of rare earth elements normalized to primitive mantle for spinifex-textured 
komatiites and cumulate komatiites of the Weltevreden Formation. Fields are defined by Al-
depleted (Komati Formation) and Al-undepleted (Alexo, Abitibi Belt, Canada) komatiites 
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TiO2 (wt.%) than the bulk rocks, 14.67-17.68 wt.% and 0.31-0.45 wt.%, respectively.  These 
melt inclusions have oxide totals near 100 wt.%, and although H2O was not measured directly it 
is likely that it is only a minor constituent in these komatiitic liquids (Arndt et al., 1998).  On the 
basis of their chemistry, these melt inclusions represent highly evolved liquids, affected by 
olivine and in some inclusions, pyroxene and possibly by spinel fractionation (Thompson et al., 
2003).  The chemistry of these melt inclusions is consistent with others found in younger 
komatiites (Nisbet et al., 1987).   
MELTS 
The MELTS program (Ghiorso et al., 1995; Asimow et al. 1998) was used to model 
crystallization of the Weltevreden Formation komatiites.  Several authors have concluded that 
the composition of the random spinifex-textured  portion of komatiitic flows represent that of the 
initial composition of the magma (Smith and Erlank, 1980; Arndt 1994).  The cumulate portions 
of the lava flow contain microphenocrysts that settled or accumulated from the original magma.  
Two models were carried out.  In Model 1 the composition of the random spinifex (KBA 12-10) 
was used to model crystallization of the minerals and bulk rocks on the basis that it does not 
contain accumulated olivine (Tables B.1-B.4).  In Model 2, a composition slightly different from 
the random spinifex-textured komatiite was used to reverse model the composition of the melt 
inclusions, to derive the CaO, Na2O, and K2O contents in the original liquid (Thompson et al., 
2003).  This composition was obtained by starting with the composition used for Model 1 and 
fractionating this composition to a felsic composition. In this model only olivine was allowed to 
crystallize.  Using the Rayleigh fractionation equation (equation 4, Chapter 4), the CaO, Na2O, 
and K2O contents for the original komatiitic liquid were calculated (Table B.5).  Both models 




fugacity of Archean magmas, Nisbet et al., 1993), 1 bar of pressure, and 10˚ increments starting 
at 1700˚C. 
Figure 2.20 is a graph of the phases that MELTS predicts for Model 1 and their 
corresponding crystallization temperature ranges.  MELTS predicts the onset of olivine 
crystallization at 1660°C with Fo96.4 (Figures 2.20 and 2.21).  Olivine crystallizes solely until 
chromite crystallization starts at 1560 °C with Mg number 87.2 (Figures 2.20 and 2.22).  Olivine 
crystallization ceases at 1310°C with Fo87.8 as orthopyroxene crystallization begins with Mg 
number 87.6, Wo 0.02.  Orthopyroxene is replaced by pigeonite with Mg number 78.4, Wo 0.11 
at 1210°C (Figures 2.20 and 2.23). Augite begins to crystallize at 1190°C with Mg number 78.4, 
Wo 0.33.  MELTS predicts the onset of plagioclase crystallization at 1180°C (Figures 2.20 and 
2.23). 
MELTS is consistent with the observed compositions of the Weltevreden Formation 
komatiites (Figure 2.24).  MELTS predicts liquid compositions with MgO (wt.%) contents as 
low as 6.78% for a temperature of 1170ºC.   Such low MgO (wt.%) liquids probably represent 
interstitial fluids that were subsequently altered. 
Based on the compositions of the melt inclusions, MELTS predicts a crystallization 
temperature of 1000-750ºC for these highly evolved and fractionated liquids.  Figure 2.25 shows 
that while many of the inclusions follow the MELTS model trend, some depart due to pyroxene 
crystallization in the direction indicated by the vector illustrated.  The MELTS model predicts 
the concentrations of 0.02, 0.41%, and 3.73 wt.% for  K2O (wt.%), Na2O (wt.%), and CaO 
(wt.%), respectively in the original komatiitic liquid in equilibrium with olivine Fo96 (Thompson 




Table 2.6.  Compositions of melt inclusions from fresh olivines in partially serpentinized cumulate komatiites of the Weltevreden 
Formation.  Original liquid composition from Thompson et al. (2003). 
 
wt.% SA 427-5 SA 501-8 SA 501-8 SA 501-8 SA 501-8 SA 501-8 SA 501-8 SA 501-8 SA 501-8 SA 501-9 
SiO2 64.73 65.13 64.41 67.85 63.38 64.20 64.50 64.30 67.94 65.31 
Al2O3 15.78 15.48 15.34 16.28 14.74 15.03 15.08 15.29 16.09 15.30 
FeO 1.26 1.35 1.52 0.62 1.58 1.54 2.00 2.01 1.07 1.37 
MgO 1.64 1.67 1.90 1.51 2.03 1.81 2.50 2.21 1.43 1.93 
CaO 12.69 13.03 12.88 9.18 12.46 12.39 13.42 12.89 8.62 11.77 
Na2O 1.24 1.27 1.35 1.72 1.36 1.42 1.28 1.35 1.85 1.28 
K2O 0.07 0.11 0.07 0.12 0.10 0.09 0.11 0.09 0.06 0.06 
TiO2 0.41 0.37 0.43 0.43 0.42 0.43 0.43 0.42 0.45 0.41 
MnO 0.00 0.16 0.04 0.03 0.04 0.00 0.10 0.03 0.04 0.01 
NiO 0.00 0.04 0.03 0.00 0.06 0.08 0.07 0.00 0.00 0.00 
Cr2O3 0.07 0.18 0.06 0.05 0.05 0.05 0.08 0.16 0.03 0.00 
V2O5 0.06 0.08 0.03 0.09 0.07 0.07 0.05 0.05 0.10 0.05 
Total 97.95 98.87 98.06 97.87 96.30 97.12 99.62 98.81 97.70 97.49 
 
 
           
wt.% SA 501-9 SA 501-9 SA 501-10 SA 501-10 SA 509-3 SA 563-3 SA 563-3 SA 563-3 SA 563-3 Orig. liq. 
SiO2 64.09 63.75 68.22 64.85 64.95 65.06 65.64 65.98 65.44 47.20 
Al2O3 14.94 14.67 17.68 15.84 15.36 16.04 15.85 16.45 15.98 4.61 
FeO 1.45 1.49 0.38 1.03 2.03 0.73 1.29 0.53 0.96 8.30 
MgO 1.81 1.84 0.65 1.64 1.21 1.38 1.48 0.93 1.33 34.81 
CaO 12.47 12.14 7.86 12.93 10.24 12.81 13.49 12.46 13.09 3.73 
Na2O 1.29 1.32 1.66 1.47 1.74 1.28 1.23 1.39 1.29 0.41 
K2O 0.06 0.04 0.08 0.08 0.12 0.10 0.06 0.06 0.09 0.02 
TiO2 0.38 0.36 0.31 0.42 0.45 0.44 0.44 0.44 0.40 0.14 
MnO 0.05 0.11 0.00 0.05 0.05 0.04 0.07 0.00 0.06 0.14 
NiO 0.05 0.00 0.04 0.03 0.00 0.00 0.12 0.10 0.08 0.24 
Cr2O3 0.13 0.05 0.04 0.00 0.08 0.03 0.12 0.05 0.00 0.41 
V2O5 0.08 0.02 0.05 0.01 0.07 0.08 0.07 0.08 0.03 - 

























Figure 2.20.  Phases predicted by MELTS and the range of crystallization temperatures (°C) over 
which they crystallize.    OLV = olivine, CHR = chromite, OPX = orthopyroxene, PIG = 
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Figure 2.21.  Graph of Fo (%) vs. NiO (wt.%) for observed and predicted compositions of 
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Figure 2.24.  Graph of MgO (wt.%) vs. Cr (ppm) for observed and predicted rock compositions 














0 10 20 3 5 60 4
MELTS



























Figure 2.25.  Graph of MgO (wt.%) vs. CaO (wt.%) for observed and predicted compositions of 
melt inclusions.  The composition of a CPX crystal inside a melt inclusion is shown also to 
illustrate the direction in which the melt inclusions depart from the predicted model trend line  




















     
     
     
      
        
    
 
 

























suggests that CaO has been added and K2O and Na2O have been lost - due to interaction with 
seawater and possibly hydrothermal fluids. 
DISCUSSION 
Alteration and Metamorphism 
When presenting data on komatiites it is important to address the issue of alteration and 
metamorphism, since all komatiites, to a greater or lesser degree have been affected.  Although 
the komatiites from the Weltevreden Formation are extremely fresh in relation to other 
komatiites, some of the primary mineral content has modified due to alteration and/or 
metamorphism. Alteration and metamorphism complicate a simple geochemical interpretation of 
komatiitic magma.  
In the Barberton Greenstone Belt the metamorphic grade is greenschist to amphibolite 
facies (Viljoen and Viljoen, 1969a; Viljoen and Viljoen, 1969c; Anhaeusser, 2001).  Using 
chlorite geothermometry, Xie et al. (1997) concluded that the rocks in the central Barberton 
Greenstone Belt had undergone lower greenschist metamorphism.  The main alteration 
mechanisms in the Barberton Greenstone Belt were probably hydrothermal fluids derived from 
seawater circulating through rocks after emplacement (Chapter 4).  As a consequence of 
hydration, the equant olivines are either totally replaced by serpentine or have rims and veins of 
serpentine in the cumulate layers.  The acicular crystals of olivine in the spinifex layers are 
totally replaced by serpentine (Chapter 3).  The Fe that is released from the olivine structure 
forms magnetite (Wicks and Whittaker, 1977), and is readily observed petrographically outlining 
the olivine and serpentine.  Magnetite also forms rims on chromite grains.  Anhaeusser (2001) 
noted the mafic and ultramafic rocks in this area have all been altered to varying degrees and 




magnetite.  The persistence of fresh minerals in the Weltevreden Formation suggests these rocks 
were not altered at temperatures previously assigned to the metamorphic conditions for the 
Barberton Greenstone Belt.  X-ray diffraction and geochemical data of alteration products 
suggest the rocks of the Weltevreden Formation only experienced low grades of alteration as a 
consequence of serpentinization (Chapter 3).  Oxygen isotopic data indicate these rocks were 
altered at low temperatures relative to metamorphic grades attributed to alteration in the 
Barberton Greenstone Belt (Chapter 4). 
It is evident from MgO variation diagrams that K2O, Na2O, Rb, Ba, and Sr were 
mobilized during metamorphism because they are discordant to the olivine control line (Figure 
2.18).  This mobilization of alkali and alkaline-earth metals is consistent with previous studies of 
alteration in Archean greenstones (Nesbitt et al. 1979).  However, on the basis of the microprobe 
and ICP data several elements (Ni, Co, MnO, Cr, Sc, Y, V, Zr, TiO2, Al2O3) fall on an olivine 
control line that intersects at 54 wt.% MgO.  This correlates with the microprobe data that yield 
53.72 wt.% MgO for the most magnesian olivine analyzed (Figure 2.15).  This suggests that 
these elements were immobile during alteration and/or metamorphism. 
The rare earth elements are considered to be relatively immobile during submarine 
alteration and metamorphic conditions up to amphibolite facies (Ludden et al., 1982; Polat and 
Kerrich, 2000).  The negative Eu anomaly displayed in SA 427-1 (Figure 2.19) has been 
attributed to removal of Eu from rocks during hydrothermal alteration and metamorphism 
(Nesbitt et al., 1979; Arndt and Lesher, 1992). The relatively smooth rare earth element patterns 
(except for Eu) of the Weltevreden Formation komatiites suggest they were not significantly 





 Partition coefficients (DVOLV/LIQ) are given in Table 2.7.  Partition coefficients were 
calculated using the composition of the olivines with Fo96 in these flows and assuming 
equilibrium with a liquid now represented by the random spinifex.  Partition coefficients also 
were estimated from the olivine accumulation trends and composition of the olivines with Fo96.  
These values are generally consistent with studies of high temperature magmas (Beattie et al., 
1994; Canil and Fedortchouk, 2001).  However, V is low relative to the value reported by Canil 
and Fedortchouk (2001).   
 Canil (1997) proposed the use of V partitioning to estimate the oxygen fugacity (fO2) for 
komatiitic flows, because V distribution is redox-sensitive, and V remains immobile during 
alteration/metamorphism. Canil (1997) determined the fO2 of several komatiitic flows (including 
two from the Komati Formation) that yield fO2 of ∆NNO ≈ +1 to –2 (DV of 0.01 to 0.1, 
respectively).  These values are similar to or possibly higher than fO2 for modern oceanic basalts 
(Canil, 1997).  This estimate of fO2 for the Archean mantle is more oxidizing than very reduced 
values (∆NNO = –4 to –5) obtained from sulphides included in diamonds.  The more oxidized 
estimate for the Archean mantle has implications for the temperature and chemistry of the 
Archean mantle.  A more oxidizing mantle allows a reduction of melting temperature by about 
50°C.    
 Canil (1997) has determined the variation of DV
OLV/LIQ as a function of fO2.  Using the 
determined DV of 0.01 and the regression equation given in Canil (1997): 
DV
OLV/LIQ = 0.03e(-0.547 * ∆NNO)     (1) 
where DV
OLV/LIQ
 is the partition coefficient between olivine and liquid, a ∆NNO of +2 is 




Table 2.7.  Partition coefficients.  D1 = calculated from electron microprobe analyses of olivine 
with Fo96 and whole rock chemistry of KBA 12-10; D2 = determined from olivine control line 
and whole rock chemistry of KBA 12-10; D3 = Canil and Fedortchouk (2001); D4 = Beattie et al. 
(1991); D5 = Beattie (1994). 
 
  D1 D2 D3 D4 D5 
Ni 2.00 2.04 -- 1.35 --
Co -- 1.30 -- 0.79 1.18
Mn 0.57 0.40 -- 0.34 0.52
Cr 0.35 0.46 -- -- 0.63
Sc -- 0.11 0.16 0.06 0.12
Y -- 0.03 -- -- < 0.01
V -- 0.01 0.16 -- --
Zr   < 0.01 0.04 -- --
Ti   < 0.01 0.06 -- --


















do not contain significant amounts of V, as V is very incompatible in olivines.   Therefore, there 
is some uncertainty regarding this estimate.  Previous studies have demonstrated the immobility 
of Al, Ti, Sc, Zr, and Y during alteration and metamorphism, in addition to V.  Therefore 
variation in these elements is a function of fractionation and accumulation.  Figure 2.26 includes 
graphs of V (ppm) vs. Al/V, Ti/V, Sc/V, Y/V, and Zr/V.  The data for the Weltevreden 
Formation komatiites show approximately zero or negative slopes for these ratios as a function 
of V (ppm).  This variation indicates DV ~ DTi,Y and DV<DSc,Zr,Al, and suggests DV ≤ 0.01 (Table 
2.7).  This value agrees with the value determined from the olivine control line for these rocks 
(Table 2.7) and is consistent with a fO2 of ∆NNO of +2.  Based on the partitioning of V, 
Richard’s flows (Komati Formation) yield a maximum fO2 of ∆NNO +0.3 and Stuart’s flows 
(Komati Formation) yield a range of ∆NNO from 0.3  to -3.0, respectively (Canil, 1997).  The 
Weltevreden Formation komatiites yield more oxidized values of fO2 in comparison to these other 
flows in the Barberton Greenstone Belt. 
Olivine is the most important liquidus phase in komatiites. Therefore, the chemistry of 
komatiites can be described in terms of olivine fraction and accumulation.  The komatiitic 
olivines of the Weltevreden Formation contain a high content of Cr2O3.  The high Cr2O3 contents 
of these olivines reflect both the high Cr of the liquid from which these rocks crystallized, and 
the high crystallization temperature (Bickle, 1982).  Cr is expected to behave incompatibly, until 
chromite begins to crystallize - thereby decreasing the Cr2O3 content in the crystallizing lava.  
Smith et al. (1980) concluded that the DCr of 0.5 calculated for Stuart’s flows (Komati 
























Figure 2.26.  Trace element compositions of Weltevreden Formation komatiites.  a.  Graph of V 
(ppm) vs. Al/V.  b.  Graph of V (ppm) vs. Ti/V.  c.  Graph of V (ppm) vs. Sc/V.  d.  Graph of V 
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extremely high Cr content in parental liquid.  The high Cr2O3 contents of the Weltevreden 
Formation komatiitic olivines indicate that the magma from which they formed contained a very 
high Cr2O3 content and had an extremely high liquidus temperature.  An increase in 
crystallization temperature should correlate with a decrease in DCr according to Duke (1976).  
The observed and predicted KD of 0.45 for Cr is consistent with other KD’s calculated for 
komatiitic liquids and the high Cr contents of komatiitic olivines compared to other terrestrial 
olivines has been previously noted (Green et al., 1975; Nisbet et al., 1977; Smith and Erlank, 
1980). Karner et al. (2003) noted that komatiitic olivine has twice as much Cr as other terrestrial 
rocks, and Cr contents comparable to some lunar basaltic olivines.  In komatiites, these authors 
attributed the large Cr contents to the larger degrees of partial melting required to produce 
komatiites, relative to more evolved liquids represented by basalts.  Schulz (1982) noted the high 
Mg numbers and Cr and Ni contents of komatiitic basalts from Minnesota suggest that they 
represent undifferentiated liquids from the Archean mantle.   
 The olivines of the Weltevreden Formation also contain a substantial amount of Ni.  
Smith et al (1980) plotted DNi as a function of 1/MgO for observed and calculated DNi values 
from Stuart’s flows (Komati Formation).  They noted that with decreasing MgO, DNi increases. 
Several authors have therefore concluded that Ni contents in olivines can not constrain the 
original Ni contents in the liquid, except in a general manner (Bickle, 1982; Nisbet et al., 1993).  
Using the regression equation given in Smith and Erlank (1980): 
DNi =111.33/MgO – 1.71     (2) 
a DNi of 1.46 is calculated for the Weltevreden Formation, which is lower than the DNi 
determined using the olivine control lines and observed microprobe data for the olivines and bulk 




data points, over a wide range of liquid compositions.  The DNi of olivine determined both from 
the olivine control line and the observed composition of Ni in the olivine and the random 
spinifex yielded values of 2.0; therefore a DNi of 2.0 is probably a more reasonable estimate.   
Nisbet et al. (1993) also noted that as the MgO content of the liquid changes, so does the DNi, 
and the nickel content of olivine is not sensitive enough as a proxy for liquid compositions 
beyond general terms.   
The composition of the random spinifex is used to determine the FeO-MgO partition 
coefficient, on the basis of the absence of accumulated olivines.  Using the equation for the  
KDFeO-MgO = [(XOLVFeO * XLIQMgO)/(XLIQFeO * XOLVMgO)     (3) 
where XOLVFeO and XOLVMgO are the concentrations of FeO and MgO in the olivine and XLIQFeO 
and XLIQMgO are the concentrations of FeO and MgO in the komatiitic liquid, respectively, a 
KDFeO-MgO of 0.34 is calculated for the Weltevreden Formation komatiites if all Fe is present as 
Fe2+.  If we assume that this magma was oxidized, then some of the Fe is Fe3+.  Assuming 10% 
oxidation of Fe (~QFM), a KD of 0.37 is calculated. Archean magmas likely lie between the IW 
and QFM buffers, between 2% and 11 oxidation, respectively (Nisbet et al., 1993).  These values 
are consistent with experimentally determined KD’s for komatiitic liquids, which range from 0.34 
to 0.37 (Bickle et al. 1977).  If we assume a higher percentage than 10% oxidation, the KD would 
be higher and only appropriate for komatiitic magmas that crystallized at high pressures (Nisbet 
et al., 1993).  The rocks of the Weltevreden Formation are extrusive lavas; therefore they did not 
form at high pressures.  A KD of 0.37, corresponding to an upper limit of 10% oxidation, is a 
more appropriate value.     
 At the high temperatures of komatiitic liquids it is possible that the parameters that 




too high an estimate.  The Cr2O3 concentration is controlled by the liquidus temperatures and 
Cr2O3 content in the parental liquid, not by the oxidation state of the liquid.  The value obtained 
from the KDFeO-MgO may be a more reasonable estimate which suggests an upper limit of fO2 of 
QFM, which is in the range of with proposed values of fO2 for komatiitic liquids (Nisbet et al., 
1993). 
Model for the Petrogenesis of the Weltevreden Formation Komatiites 
Source Region.  There are many controversial aspects to the study of the genesis and 
emplacement of ultramafic rocks. Chemically, The Weltevreden komatiites are Al-undepleted, to 
slightly Al-enriched.  These rocks have Al2O3/TiO2 ratios of 26-33, and along with chromite (Fig 
2.8) and pyroxene chemistry, indicates that they are Type 1 Al-undepleted komatiites.  The 
nomenclature of ‘Munro-type’ komatiites, indicating younger Al-undepleted komatiites needs 
revision - since the Weltevreden Formation komatiites are close to the age of the ‘Barberton-
type’ (~3.5 Al-depleted) komatiites, but geochemically are Al-undepleted.     
At relatively high pressures garnet is the liquidus phase for chondrite, peridotite, and 
komatiite compositions (Herzberg and Gasparik, 1991; Herzberg, 1992).  The flat intermediate to 
heavy REE patterns of Al-undepleted komatiites indicates little or no involvement of garnet 
(Herzberg 1992).  From the flat REE patterns of Weltevreden Formation komatiites (Figure 
2.19), it is inferred that garnet was not involved in the generation of the primary magma of these 
komatiites.  The LREE depleted and flat HREE pattern of the Weltevreden Formation komatiites 
is similar to other Al-undepleted komatiites (Figure 2.19).  There are no minerals known to 
concentrate the light rare earth elements relative to the heavy rare earth elements in the mantle, 
therefore the mantle sources are thought to be depleted in light rare earth elements (Wilson, 




and other komatiitic rocks (Rollinson, 1999). The light rare earth element depletions in these 
komatiites, as in basalts, have been attributed to derivation from a mantle that has previously 
undergone a minor melt extraction event (Rollinson, 1999).  The geochemistry of Al-undepleted 
and Al-depleted komatiites from the Komati Formation can be explained by melting of a slightly 
depleted mantle source (Chavagnac, 2004).   
The chemistry of komatiites can be explained by melting of deep mantle in plumes 
(Campbell et al., 1989; Ohtani et al., 1989; Nisbet et al., 1993). Ohtani et al. (1989) have 
determined that the different chemical groups of komatiites can be explained by the differences 
in depth of melting.  They concluded Al-undepleted komatiites are produced by high degrees of 
melting of primitive mantle at depths less than 450 km, leaving a residue of only olivine.   
Conversely, the depletion in Al2O3 and heavy rare earth elements in Al-depleted komatiites 
indicates derivation from primitive mantle at depths from 450 to 650 km, leaving a residue of 
garnet.  Figure 2.27 illustrates the three geochemical groups of komatiites from different 
formations and greenstone belts.  Most komatiites of the Komati Formation belong to the Al-
depleted geochemical group and therefore are relatively enriched in TiO2 and depleted in Al2O3.  
Komatiites of the Mendon Formation are both Al-undepleted and Al-enriched.  Komatiites of the 
Weltevreden Formation as well as those from the 2.7 Ga Belingwe Greenstone Belt and the 2.7 
Ga Munro Township, Abitibi Greenstone Belt have intermediate Al2O3/TiO2 ratios, characteristic 
of Al-undepleted komatiites.  The flat heavy rare earth element patterns, as opposed to the heavy 
rare earth depleted patterns observed for Al-depleted komatiites (Figure 2.19), suggests that 
garnet was not a residual mineral in the source during the production of the Al-undepleted 




Herzberg (1992) suggested that the geochemistry of Munro type (Al-undepleted) 
komatiites could be explained by both very high (up to 100%) and moderate (35-44%) degrees of 
melting.  However, Herzberg and O’Hara (1998) pointed out olivines with Fo93.6 are 
characteristic of liquids produced by greater than 40% melting. The high Fo contents of the 
Weltevreden Formation olivines could be explained by melting of a source previously melted.  
This previously melted source would have had a chemistry consistent with the Weltevreden 
Formation komatiitic liquid, depleted in light rare elements and having chondritic values of 
heavy rare earth elements.  This source would have also been depleted in FeO due to previous 
melt extraction.  This scenario of a previously melted mantle depleted in FeO was used to the 
explain Fo contents  of the komatiitic olivines of the Commondale Greenstone Belt (up to Fo96.5 - 
Wilson et al., 2003), and is a likely scenario to produce the observed high Fo contents of the 
Weltevreden Formation komatiitic olivines (up to Fo95.6).   Previous authors have argued that 
greater than 60% partial melting could not be produced by one stage of melting (Nesbitt et al., 
1979), and komatiites are likely to represent products of 30-50% partial melting (Arndt, 1994; 
Arndt, 2003). 
Magmatic Water?  Komatiitic liquids may have contained dissolved water, as suggested in 
recent studies (Parman et al., 1997; Parman et al., 2001; Asahara et al. 1998).  The addition of 
water to magma lowers its liquidus temperature.  Arndt et al. (1998) pointed out that if komatiitic 
magma contained water, degassing upon eruption would produce numerous vesicles.  Dann 
(2001) has shown that vesicular komatiites exist in the Komati Formation.  However, vesicles are 
rare in the komatiites of the Weltevreden Formation.  Arndt et al. (1998) noted previous authors 
who recognized vesicular and pyroclastic komatiites (Echeverria and Aitken, 1986) failed to 















Figure 2.27.  Graph of Al2O3 (wt.%) vs. TiO2 (wt.%) for komatiites from different greenstone 
belts illustrating different trends of the three geochemical groups of komatiites.  Weltevreden, 
Mendon (Byerly 1999), and Komati Formations (Smith et al., 1980) =   Barberton Greenstone 
Belt;  Gorgona = Gorgona Island, Columbia (Revillion et al., 2000); Munro = Abitibi Greenstone 








































































Large amounts of water would cause magma to freeze (or at the least produce porphyritic 
lava) upon loss of volatiles, or the rocks would show textural evidence of explosive eruptions 
(Green et al. 1975).  If all water did not degas upon eruption, then hydrous magmatic phases, 
such as amphibole would be expected to have crystallized in these komatiites.  Very few 
komatiites contain primary amphibole (Stone et al., 1997).  Primary igneous hydrous phases are 
absent in the Weltevreden komatiites.   The only hydrous phases observed in the komatiites of 
the Weltevreden Formation are secondary alteration products such as serpentine, chlorite and 
tremolite. 
Herzberg (1992) concluded that Barberton-type (Al-depleted) komatiites and Munro-type 
(Al-undepleted) komatiites formed in plumes that were respectively 500 °C and 300 °C hotter 
than the present mantle.  Nisbet et al. (1993) concluded komatiites were produced in rising 
plumes because the predicted melting temperatures are 300°C greater than ambient mantle 
temperatures given by the secular cooling model in Richter (1988).  Experiments show that 
komatiitic and peridotitic magma can be produced under anhydrous conditions (Herzberg and 
O’Hara, 1998).  Arndt et al. (1998) concluded most komatiites form in extremely hot and dry 
parts of the mantle.  The lack of vesicles or primary hydrous phases suggests that the 
Weltevreden Formation komatiitic lavas did not contain dissolved magmatic water. 
Extrusive Origin.  Several authors disagree on whether spinifex-textured komatiites represent 
extrusive volcanic flows, sheeted dikes, or sills (De Wit et al., 1987; Parman et al., 1997). 
Komatiites are characterized by their spinifex texture.  However, previous studies have 
demonstrated that spinifex texture develops as a consequence of disinclination of nucleation due 




extrusive origin for komatiites of the Barberton Greenstone Belt (Arndt et al., 1998; Arndt, 1999; 
Lowe and Byerly, 1999; Dann, 2000). 
Lowe and Byerly (1999) concluded that the Weltevreden Formation is correlative with 
the upper parts of the Mendon Formation, and characterized by komatiitic volcanic rocks, 
layered ultramafic intrusive rocks, komatiitic tuffs and cherts.  They concluded that facies 
relationships in the Weltevreden Formation and lowermost formation of the overlying Fig Tree 
Group suggest a shallow to deepwater transition. From field and petrographic observations, the 
Weltevreden Formation includes komatiitic flows with characteristic spinifex textures as well as 
fine-grained cumulates consistent with other extrusive ultramafic lava flows.  This evidence 
indicates the ultramafic rocks of the Weltevreden Formation presented in this chapter represent 
extrusive komatiitic lava flows erupted on the Archean seafloor. 
Crystallization Model.  The dominant mineral in komatiites is olivine; therefore the bulk rock 
chemistry was controlled by olivine crystallization.   As olivine fractionated and accumulated in 
these flows it trapped interstitial liquid, from which chromite and pyroxene crystallized.  
Anhaeusser (2001) concluded that in the komatiites of the Nelshoogte Schist Belt, olivine was 
the first mineral to crystallize, followed by orthopyroxene, with minor diopside and calcic 
plagioclase crystallizing in the trapped liquid.  
 The MELTS model previously described is a good approximation of the crystallization 
sequence observed in these rocks.   In this model olivine crystallizes first, followed by chromite.  
Figure 2.20 illustrates that chromite begins crystallization after 30% crystallization.  After 
olivine crystallization ceases, olivine is replaced by orthopyroxene as the Mg-rich crystallizing 
phase, a classic discontinuous reaction.  Orthopyroxene is then replaced by pigeonite and augite 




predicts the end of olivine crystallization at 1320°C, a temperature greater than the initial   
temperature of olivine crystallization in a basaltic liquid.  In fact, MELTS predicts the end of 
olivine crystallization and the onset of orthopyroxene at 1310ºC, after 56.5% of crystallization 
(Figure 2.20). 
When incompatible elements are plotted against MgO wt.%, the majority of analytical 
data fall on an olivine control line that intersects the MgO (wt.%) axis at ~ 54% - which suggests 
equilibrium with olivines of Fo96 (Figure 2.15).  When plotted against MgO, Cr2O3 shows a 
positive correlation with MgO in the Mendon komatiites (Byerly, 1999).  Cr2O3 shows a negative 
correlation in the Weltevreden Formation komatiites (Figure 2.15).  Arndt (1986) pointed out 
that a negative correlation of MgO and Cr2O3 for whole rock analyses indicates that olivine 
fractionated alone during the first part of crystallization, and therefore controlled the overall 
chemistry of these rocks.   Barnes (1998) noted the most magnesian komatiitic magmas, which 
crystallize olivines with Fo93-94.5 do not have chromite on the liquidus, and thus chromite is 
absent from these cumulates.  Arndt (1986) suggested a positive slope indicates chromite 
fractionated along with olivine.   The petrography and geochemistry of the Weltevreden 
Formation komatiites confirm that olivine was the first and only mineral to appear for the first  
30% of crystallization of these komatiites.     This observation agrees with the MELTS model 
which predicts olivine crystallizes alone until 1560˚C, which is the onset of chromite 
crystallization. 
 There is a good correlation between the observed olivine compositions and those 
predicted by MELTS for basically all elements except Cr.  There is a significant amount of 
Cr2O3 (wt.%) in these olivines (up to 0.41 wt.%), however MELTS does not predict any Cr2O3 




the composition of high temperature olivine crystallization in komatiitic liquids.   MELTS 
predicts the first olivine to crystallize with Fo96.4, which corroborates with the olivine control line 
suggested by the major and trace element chemistry in the bulk rocks (Figure 2.15). The absence 
of observed olivines with lower Mg numbers that MELTS predicts may be due to the 
serpentinization of the olivine rims, as there is some compositional zoning in these olivines 
(Figure 2.8).   
Chromite is an accessory phase in komatiites, and therefore does not control the 
chemistry of the liquid.  Barnes (1998) noted the differences between compositional trends 
observed in chromites from different volcanic environments are a function of variability in liquid 
compositions, post-cumulus, supersolidus re-equilibration between chromite and trapped liquid, 
and/or post-cumulus and sub-solidus re-equilibration between chromite and olivine.  Barnes 
(1998) suggested above greenschist facies the Mg number of chromites are less than 15, which is 
lower than the observed that observed for the Weltevreden Formation chromites (>35 – Figure 
2.10).  Barnes (1998) also pointed out that chromite cores seem to retain most of their original 
igneous chemistry at metamorphic temperatures up to ~500 °C, and therefore the flat Cr number 
trend as a function of Fe number observed in Figure 2.9 can be explained by fractional 
crystallization, as Fe number changes dramatically, while Cr number changes only slightly.  The 
chemical variation observed in the chromites of the Weltevreden Formation is due to magmatic 
processes.   
The partitioning of Mg and Fe between olivine and chromite can be used as an indicator 
of equilibration temperatures between these two phases.  The temperatures of equilibration of 
olivine and chromite from the Weltevreden Formation were calculated using the olivine-spinel 




T = (1470 + 1374(1 - YAl))/(lnKD - 1.256(1-YAl) + 0.935)      (4) 
where T is temperature (K), YAl is Al/(Al+Cr+Fe3+) in chromite, and KD is the partition 
coefficient for Mg and Fe in olivine and chromite.  The temperatures determined from this 
geothermometer range from 633-1148˚C.  These temperatures are below those of olivine 
crystallization predicted by MELTS and suggest the chromites reequilibrated with the 
fractionating liquid, and not with olivine.  Chromites equilibrated with liquids with relatively low 
MgO contents, and higher concentrations of incompatible elements due to olivine crystallization.  
This effectively increases the Al/(Cr+Al+Fe3+), Fe3+/(Cr+Al+Fe3+), V2O5, TiO2, and MnO and 
decreases the MgO content in chromites as a consequence of olivine crystallization (Figure 2.10 
- Barnes, 1998). The chromites of the Weltevreden Formation suggests they have retained their 
igneous chemistry, and therefore reequilibration probably occurred during late supersolidus 
reactions. 
 The predicted composition of chromite does not match the observed composition.   This 
failure of MELTS to predict the composition of the Weltevreden Formation komatiitic chromites 
is may be due to inability of the program to predict chromite compositions in equilibrium with 
the fractionating liquid or due to supersolidus reactions. MELTS predicts chromite crystallization 
starting at 1560ºC and continuing throughout the sequence.  It is important to note that although 
chromite is an important liquidus mineral in komatiites, it is an important accessory mineral.  
CIPW norm calculations for the Weltevreden komatiites yield only 0.63-0.77 (wt.%) normative 
chromite (Table B.6). 
   Petrographic analyses suggest that pyroxenes in the Weltevreden Formation komatiites 
crystallized in the interstitial liquids (Figures 2.4 and 2.5).  The observed MgO contents of the 




be due to MELTS failing to predict pyroxene chemistry in very high MgO quenched komatiitic 
melts.  The observed pyroxenes in these komatiites contain significant amounts of NiO, Cr2O3, 
Al2O3, and TiO2 (Figure 2.12).  MELTS does not predict any trace elements such as NiO (wt.%) 
and Cr2O3 (wt.%) in these pyroxenes.  MELTS predicts a much smaller amount of Al2O3 (1.32-
3.47 wt.%) and TiO2 (0.01-0.08 wt.%) in pyroxene than observed concentrations of these 
elements (Figure 2.12). 
  Another problem with the overall predicted crystallization sequence is that MELTS 
predicts plagioclase crystallization.  Plagioclase is not observed in the Weltevreden Formation 
komatiites.  Plagioclase does occur in the intrusive layered ultramafic rocks of the Weltevreden 
Formation (Anhaeusser, 1985).  Plagioclase occurs only rarely in komatiitic basalts as microlites 
associated with euhedral olivine microphenocrysts (Cameron and Nisbet, 1982).  Cameron and 
Nisbet (1982) attributed this to a slower cooling rate of the komatiitic basalts.  Arndt and Nisbet 
(1982) noted that a rock with about 30% MgO, in terms of normative components would contain 
between 15-20% feldspar.  In fact, the CIPW norm calculated for the random and oriented 
spinifex rocks contains 12.7-15.1 (wt.%) normative plagioclase (Table A.6).  Although 
plagioclase is not observed in the Weltevreden Formation komatiites, if these liquids fractionated 
more and crystallized more slowly, plagioclase could have been formed.  However, the observed 
modal mineralogy of komatiites is olivine, pyroxene, and chromite.  Arndt and Nisbet (1982) 
suggest that the feldspar component is in the usually altered interstitial glass, as it represents 
highly fractionated liquids.  Thus, the normative plagioclase MELTS predicts for the 
Weltevreden Formation komatiites was not observed, possibly because this component is 



















Figure 2.28. Graph of MgO (wt.%) vs. TiO2 (wt.%) for observed and predicted compositions of 
the melt inclusions (Model 1), as well as the observed whole rock compositions and olivine and 












   
 
 












   
    
    
    
    
     





























 The observed chemical variation in these komatiites can be described in terms of olivine 
fractionation and accumulation (Figure 2.28).  The oriented spinifex-textured komatiites which  
plot above the random spinifex-textured komatiite in Figure 2.28 were produced by olivine 
fractionation towards the compositions of the melt inclusions.  Conversely, cumulate komatiites 
below the random spinifex-textured komatiite on the graph formed by olivine accumulation in 
the direction of an olivine with a composition of Fo96. In addition, the majority of the melt 
inclusion compositions are concordant to the model trend, illustrating the chemistry of the melt 
inclusions was controlled by olivine fractionation alone.  Some inclusions depart from the olivine 
control line due to clinopyroxene crystallization in the direction indicated by the vector. 
 Overall, MELTS serves as a useful guide for predicting observed phases and their 
compositions in these komatiites.  The discrepancies between the observed and predicted 
compositions may be due to the lack of sufficient experimental data for komatiitic liquids 
contained in MELTS, or in the case of chromite a result of supersolidus reactions.   
Eruption Temperature.  Komatiites provide ways of understanding the thermal state of the 
Archean mantle.  The MgO content of komatiites is related to their eruption/liquidus 
temperature.  The komatiites of the Weltevreden Formation have very high MgO contents 
(30.09-45.85 wt.%), and olivines with relatively high Fo94.0-95.6 (Figure 2.7; Figure 2.15).   The 
olivines of the Weltevreden Formation are very Cr-rich, indicating that the parental liquid was 
generated by high degrees of melting and thus consuming chromite in the mantle source region 
(Karner et al., 2003).  The composition of these rocks indicates they erupted at higher 
temperatures than other reported komatiites.  Using the composition of the random spinifex 




1994; Smith and Erlank, 1980), an eruption temperature of 1700°C is calculated using the 
empirical relationship from Nisbet (1982) for ultramafic liquids:  
Tliquidus = 1400 + [MgO%-20) x 20]°C.     (5) 
This calculated eruption temperature is comparable to the 1660°C liquidus temperature 
calculated by MELTS.   Figure 2.29 is a graph illustrating the eruption temperatures as a function 
of MgO (wt.%) for komatiites from different localities, using the equation from Nisbet (1982).  
Both eruption temperatures are significantly higher than those previously reported for other 
komatiites (Figure 2.29; Green et al., 1975; Nisbet et al., 1982; Nisbet et al., 1993; Revillion et 
al., 2000; Wilson et al., 2003). 
Tectonic Setting.  There are numerous theories in which various tectonic settings are proposed 
for the emplacement of komatiitic magmas.  Several authors suggest that komatiites were 
produced by hydrous melting at subduction zones (Parman et al. 2001; Wilson et al. 2003). 
Boninites are high MgO rocks that are thought to be produced exclusively at subduction zones.  
Arndt (2003) concluded that both Al-depleted and Al-undepleted komatiites form at depths and 
pressures greater than those of subduction zones, therefore komatiitic magmas do not represent 
Archean counterparts of boninites.  Several authors have concluded the chemical and thermal 
aspects of komatiites suggest that they were produced deep in the mantle and were carried to the 
surface in mantle plumes (Campbell et al., 1989; Ohtani et al., 1989; Nisbet et al., 1993 Arndt, 
1994).   
The Barberton Greenstone Belt formed through several phases of ultramafic volcanism, 
possibly over mantle plumes or hot spots near spreading centers followed by felsic volcanism 
and emplacement of tonalite-trondhjemite-granodiorite plutons probably within subduction-


















Figure 2.29.  Graph of MgO (wt.%) vs. liquidus temperature for komatiites from different 
localities.  Liquidus temperatures were calculated using equation 4.  Komati Formation (1):  
Green et al., 1975; Komati Formation (2):  Nisbet et al., 1993; Commondale Greenstone Belt:  
Wilson et al., 2003; Perserverance Ultramafic Complex  and Munro Township:  Nisbet et al., 










































tectonism during the period of Weltevreden deposition.  The geochemical and thermal aspects of 
the komatiites of the present study are in agreement with previous thoughts on the origin 
komatiites; they were produced by melting of deep primitive mantle, and rose to the surface in a 
mantle plume possibly near a spreading center.   
CONCLUSIONS 
The komatiites of the Weltevreden Formation preserve relatively fresh igneous minerals 
of olivine, orthopyroxene, augite, pigeonite, and chromite.  The Weltevreden Formation 
komatiites preserve olivine, chromite, and pyroxene with their original igneous textures and 
chemical compositions.  The bulk rocks of the Weltevreden Formation are highly magnesian and 
the olivines contained are exceptionally magnesian - with Fo94.0-95.6.  Melt inclusions inside 
unaltered olivines have felsic compositions, resulting from extreme fractionation of olivine.  The 
chromites are Cr-rich with Cr numbers up to 85.6, and have chemistries consistent with the Al-
undepleted character of the bulk rocks.  The pyroxenes are Mg-rich, with Mg numbers up to 
91.3.     
The komatiites of the Weltevreden Formation erupted as aphyric liquids onto the Archean 
seafloor.  Although hydration and metamorphism have altered some phases as a result of their 
submarine origin, the olivine accumulation lines confirm these rocks were in equilibrium with 
Fo96 olivines. Thus, these rocks have not gained or lost Mg.   
The komatiites of the Weltevreden Formation display slightly depleted light rare earth 
element patterns and flat heavy rare earth element patterns that plot near 1, when normalized to 
chondritic mantle values.  These rocks also have chondritic Gd/Yb and Al2O3/TiO2 values 
consistent with their Al-undepleted character.  The chemistry of these rocks suggests they were 




MELTS predicts a crystallization sequence for the Weltevreden Formation komatiites of 
olivine crystallizing alone, later joined by spinel, and followed by orthopyroxene and 
clinopyroxene.  This is in agreement with the overall petrographic features of these rocks which 
indicates olivine was the liquidus mineral that crystallized in these rocks, and pyroxene and 
chromite crystallized in the interstitial liquids.   
The absence of vesicles and primary hydrous phases suggests that the komatiitic liquids 
of the Weltevreden Formation did not contain magmatic water.  The overall mineral and rock 
chemistry of these rocks confirm these liquids had relatively high liquidus temperatures.  The 
estimated eruption temperature of 1660°C is higher than eruption temperatures reported 
previously for other komatiites, indicating these rocks erupted at temperatures higher than 
previously thought for komatiitic volcanism.  The chemistry and estimated eruption temperature 
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CHAPTER 3.  ALTERATION OF KOMATIITES FROM THE 





Komatiites are important rocks in the study of the early Earth because they were a 
significant component of Archean volcanism, and were produced from very high degrees of 
melting in the mantle.  Therefore, these rocks can potentially be used as indicators of the thermal 
and chemical character of the Archean mantle.  Komatiites of the Weltevreden Formation, 
Barberton Greenstone Belt are fresh relative to other Archean komatiites.  Fresh crystals of 
olivine, pyroxene, and chromite contained within these rocks retain their original igneous 
textures and compositions.  Nevertheless, all komatiites have been affected by hydration and 
metamorphism.  Therefore, it is important to unravel the alteration history of komatiites to 
constrain the chemistry of the mantle.  
The serpentinization of ultramafic rocks, as a consequence of hydration or 
metamorphism, has been the focus of discussion by many previous authors (Moody, 1976; 
Wicks and Whittaker, 1977; Smith et al., 1984; Blais and Auvray, 1990; Albino, 1995).  
Serpentinization describes the process by which serpentinites are produced from preexisting 
anhydrous and less-hydrous phases (O’Hanley, 1996).  In addition to serpentine, hydrous 
minerals such as chlorite and amphibole are commonly produced during serpentinization of 
ultramafic rocks.  The process of serpentinization is important to understand in order to constrain 
the primary anhydrous mineral assemblage, characterize the secondary alteration products, and 
understand the temperature and composition of the serpentinizing fluid (Moody, 1976; Wenner 
and Taylor, 1971; Smith et al., 1984).   Various authors have suggested the rocks of the 




al., 1969; Xie et al. 1997) to amphibolite facies metamorphism (Viljoen and Viljoen, 1969a).    
The original igneous mineral assemblage of the komatiites of the Weltevreden Formation has 
been partially replaced by greenschist facies mineral assemblages consisting of serpentine, 
tremolite, chlorite, and magnetite.   This alteration assemblage is common in many other 
komatiitic flows (Nisbet et al., 1977; Nisbet et al., 1982; Lahaye and Arndt, 1996; Byerly, 1999).  
Previous authors have addressed the process of serpentinization by focusing on the 
petrography, geochemistry, and crystallography of serpentine textures to interpret the conditions 
of formation (Wicks and Whittaker, 1977).  Using oxygen isotopic data, Wenner and Taylor 
(1971) determined the range of temperatures of formation for the three serpentine minerals 
lizardite, chrysotile, and antigorite.  They concluded antigorite has an equilibrium temperature of 
235°C, higher than equilibrium temperatures of lizardite and chrysotile (130°C and 185°C, 
respectively).  The presence of antigorite indicates ultramafic rocks have experienced prograde 
metamorphism, or alteration at a higher pressure and temperature regime than lizardite and 
chrysotile (Evans and Frost, 1975; Moody, 1976; Wicks and Whittaker, 1977).   
Previous studies of alteration assemblages in ultramafic rocks have also focused on the 
chemical composition of chlorite, as an indicator of metamorphic conditions (Cathelineau and 
Nieva, 1985; Xie et al. 1997).   In their study of rocks from the Barberton Greenstone Belt, Xie 
et al. (1997) illustrated the influence of host bulk rock composition, coexisting mineral 
assemblages, and crystal structure on the chemical variation in chlorite.  Xie et al. (1997) 
proposed a modification of the empirical chlorite geothermometer to correct for chemical 
variation in the host bulk rock.  They determined a temperature of ~320˚C for the greenschist 




Serpentine is a common metamorphic alteration product of hydrothermally altered 
ultramafic rocks (Deer et al., 1993).  Serpentine is a layer silicate with a 1:1 trioctahedral 
structure and an approximate composition of Mg3Si2O5(OH)4.  The three serpentine minerals 
were previously thought of as polymorphs, since it was assumed that they had basically the same 
composition (Chernosky, 1971).  This issue was partially resolved when antigorite was found to 
have lower MgO and H2O than the ideal serpentine composition (Whittaker and Wicks, 1970) 
and lizardite was found to have higher levels of other ionic substitutions relative to chrysotile 
and antigorite (O’Hanley et al, 1989).   
The constraints on the chemical variation in chlorite and serpentine are generally  
attributed to the octahedral substitution of Mg by Fe2+ and Al, and the tetrahedral substitution of 
Si by Al (Wicks and O’Hanley, 1988; Xie et al., 1997).  Similar to chlorite, the chemical 
composition of serpentine is strongly influenced by the bulk chemical composition of the host 
ultramafic rock (Moody, 1976; Wicks and O’Hanley, 1988). 
In this study, petrographic, crystallographic, and geochemical data on alteration products 
are presented for the komatiites of the Weltevreden Formation.  The objectives of this study are 
to (1) characterize the alteration products contained in these komatiites, (2) investigate the 
chemical variation of the contained serpentine, and (3) further constrain the alteration history 
including, nature of serpentinizing fluid, and the degree and timing of alteration of the komatiites 
from the Weltevreden Formation, Barberton Greenstone Belt.  
GEOLOGIC BACKGROUND 
 
 The Barberton Greenstone Belt formed during the period 3.55 – 3.22 Ga as a result of a 
complex series of magmatic and tectonic events (Byerly et al., 1993; Lowe and Byerly, 1999; 




the Onverwacht Group, and two predominantly sedimentary units, the Fig Tree Group and the 
Moodies Group.  The Barberton Greenstone Belt is surrounded by tonalite-trondhjemite-
grandiorite intrusions (Lowe and Byerly, 1999; Lowe, 1999).   
 The 3.29 Ga Weltevreden Formation is the youngest volcanic unit in the Onverwacht 
Group (Figure 1 - Lowe and Byerly, 1999).  It is located in the northern facies, and is correlative 
with the upper flows of the Mendon Formation in the southern facies (Lowe and Byerly, 1999).  
De Ronde and Kamo (2000) noted in the Weltevreden area that metasomatic alteration is 
confined to mafic and ultramafic rocks, and the mineral assemblage indicates lower greenschist 
facies metamorphism.  In fact, the volcanic rocks in the Barberton Greenstone Belt have 
experienced low-grade regional greenschist facies metamorphism, as evident from the mineral 
assemblage (Viljoen and Viljoen, 1969a).  Fresh olivines are absent from rocks of the Mendon 
Formation and rocks once olivine-rich are now typically serpentine + chlorite + magnetite ± talc 
± actinolite ± magnesite.  The lower MgO rocks are now altered to actinolite + chlorite + albite + 
magnetite ± sphene ± epidote (Byerly, 1999).  Most workers agree that the features present in the 
Barberton Greenstone Belt indicate submarine metamorphism and metasomatism early in the 
history of these rocks, possibly simultaneous with volcanism (De Wit et al., 1982; Smith et al., 





 Due to the fine-grained nature of the alteration products of these rocks, x-ray powder 
diffraction techniques were used to identify the minerals present.  X-ray diffraction analyses of 
11 whole rocks from two different flows of the Weltevreden Formation were made using a 




Randomly oriented fine powder samples were run from 2 – 70˚ 2θ at 0.02˚ 2θ  increments and a 
counting time of 2.0 s.  Phases were identified by comparing the results to x ray diffraction peaks 
in the International Center for Diffraction Data, Newtown Square, PA.    
Electron Microprobe 
 
The alteration minerals of seven komatiites (three spinifex-textured komatiites, two 
partially serpentinized cumulate komatiites, two serpentinized cumulate komatiites) from two 
flows of the Weltevreden Formation were chosen for electron microprobe analyses (Table 3.1).  
The samples selected represent various degrees of alteration as well as the full spectrum of 
secondary minerals.   Polished and carbon-coated thin sections were analyzed on a JEOL JXA-
733 superprobe at Louisiana State University.  A suite of standards from the Smithsonian 
Institution (Appendix C) was used to analyze serpentine.  Serpentine was analyzed using a 2nA 
beam current and a 15kv accelerating voltage.  A ZAF (atomic number-absorption-fluorescence) 
correction scheme was used and counting times varied between 30 to 80 seconds.  Serpentine 
analyses were recalculated on the basis of 14 O.  AlIV and AlVI were calculated by assuming   





The petrography and mineral chemistry of the fresh minerals in these rocks are described 
in detail in Chapter 2.  It is important to note the rock names used in this study are not based on 
their alteration assemblages, but their likely protolith igneous compositions, minerals, and 
textures.   
Spinifex-textured Komatiites.  The spinifex-textured rocks occur at the top of the Weltevreden 




Table 3.1.  List of komatiites described in this study.  X-ray diffraction analyses were performed 
on all samples; those denoted by an asterisk were analyzed by electron microprobe.  sk = 
spinifex-textured komatiites, psck = partially serpentinized cumulate komatiites, sck = 
serpentinized cumulate komatiites. 
 
Flow number Lithology Sample number 
Keena's First Flow sk SA 427-1* 
  psck KBA 12-3, KBA 12-6*, KBA 12-7 
  sck KBA 12-9* 
Keena's Second Flow sk 
KBA 12-10*, KBA 12-11*, KBA 12-
12 
  psck KBA 12-13* 





















downward crystallization of olivine after lavas have ponded (Arndt, 1986).  The spinifex-
textured rocks initially contained the primary phases olivine, orthopyroxene, pigeonite, augite, 
chromite, and glass (Figure 3.1a-c and 3.2a).  The elongate olivine crystals have been totally 
replaced by mesh-textured lizardite and chrysotile (Wicks and Whittaker, 1977). The 
replacement minerals identified optically include serpentine ± magnetite. Serpentine is 
distinguished optically by having weak color, low relief and low birefringence. Chrysotile is 
identified petrographically and found in fibrous veins.  Magnetite is distinguished from chromite 
as fine grained and opaque, whereas chromites have a translucent ruby or maroon color along 
thinned edges.  Some of the fine elongate crystals of orthopyroxene have been altered to 
serpentine, creating a bastite texture.  The glassy groundmass has been altered to a fine mosaic of 
serpentine. It is possible there is chlorite present in groundmass.  However this groundmass is 
too fine to resolve optically.   
Partially Serpentinized Cumulate Komatiites. The partially serpentinized cumulate komatiites 
occur in the central portions of the flows.  These cumulates form as a consequence of the settling 
of olivine once turbulent flow ceases (Arndt, 1986).  They contain the primary assemblage of 
olivine, orthopyroxene, augite, and chromite.  The secondary mineral assemblage includes 
serpentine and magnetite (Figures 3.1d and 3.2b).  In these rocks, serpentine occurs as a 
replacement mineral of equant olivine, at the rims of the crystals and in micro-veins and cracks.  
Some olivine crystals have been totally replaced by serpentine and exhibit mesh textures. The 
degree of alteration for the entire rock is generally ~70% serpentine.  The former glassy 
groundmass has been converted to a fine serpentine matrix, which is too fine grained to resolve 


















Figure 3.1.  Optical photomicrographs of spinifex-textured and cumulate komatiites of the 
Weltevreden Formation.  a. Spinifex-textured komatiite (KBA 12-11) in crossed polarized light.  
This view shows serpentine pseudomorphs after olivine, and orthopyroxene with clinopyroxene 
rim in lower right.  b.  Spinifex-textured komatiite (SA 427-1) in crossed polarized light.  This 
view shows serpentine pseudomorphs after elongate olivine and altered elongate pyroxenes.  c.  
Spinifex-textured komatiite  (KBA 12-11) in plain light.  This view shows serpentine 
pseudomorphs after elongate olivine, altered glassy groundmass, and altered orthopyroxene with 
clinopyroxene rim.  d.   Partially serpentinized cumulate komatiite (KBA 12-6) in crossed 
polarized light.  This view shows fresh olivine cores with cracks and rims of serpentine, and 
intersertal pyroxene blades.   e.  Serpentinized cumulate komatiite (KBA 12-9) in crossed 
polarized light.  This view shows serpentine pseudomorphs after equant olivine and opaque 
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Figure 3.2.  Backscattered electron photomicrographs of Weltevreden Formation komatiites.  a.  
Photomicrograph of spinifex-textured komatiite (KBA 12-11).  This view shows serpentine 
pseudomorphs after elongate olivine, and altered glass, and magnetite.  Similar view as Figure 
1c.  b.  Photomicrograph of partially serpentinized cumulate komatiites (KBA 12-6).  This view 
shows serpentine pseudomorphs after olivine rims and magnetite.   c.  Photomicrograph of 
serpentinized cumulate komatiite (KBA 12-9).  This view shows serpentine pseudomorphs after 










replaced olivine and nucleates at the original olivine grain boundary or at the boundary between 
the fresh olivine kernel and serpentine.  Orthopyroxenes and clinopyroxenes remain fresh in 
these rocks. 
Serpentinized Cumulate Komatiites.  The cumulate komatiites that occur near the base of each 
of Keena’s flows are totally altered.  The serpentinized cumulate komatiites have an alteration 
assemblage of serpentine and magnetite (Figures 3.1e and 3.2c).  These rocks do not 
approximate the olivine Fo96 on the olivine control line, as they contain incompatible elements 
such as Al2O3 and TiO2 (Chapter 2).   Therefore, these are not pure dunites, as they would 
contain much lower concentrations of these elements.  Rather they, too, represent cumulate 
olivine with trapped melt.  The serpentine pseudomorphs after olivine exhibit mesh textures, and 
totally replace olivine crystals.  Chrysotile is identified petrographically as fibrous veins in these 
layers.  In addition, the former glassy matrix has been altered to very fine-grained serpentine that 
can not be resolved optically.  In most cases the remnant grain boundaries are outlined by a fine 
magnetite rim.   When present, pyroxenes develop bastite-textured pseudomorphs. 
X-Ray Diffraction 
 
Spinifex-textured Komatiites.  Figure 3.3 illustrates x-ray diffraction patterns of bulk rocks 
representing the three basic lithologies found in komatiitic flows of the Weltevreden Formation.  
Table 3.2 contains observed and reference values of d spacing for the minerals identified in these 
rocks.  X-ray diffraction analyses indicate that the alteration assemblage consists of clinochlore, 
tremolite, and possibly serpentine.  Clinochlore was identified by its major peaks of 14.40, 7.12, 
4.75, 3.61, 2.90Å. An amphibole phase (tremolite) was identified by its major peaks at 9.09, 
8.46, 3.13, and 2.71Å.  Clinopyroxene was identified by its major peaks at 3.00, 2.95, and 2.57Å.  




peaks for these minerals (Table 3.2).  It is possible that lizardite is present in these rocks 
corresponding to the ~ 7Å peak, which overlaps clinochlore.  The broad widths of the peaks at 7 
and 4.7Å indicate it is possible that instead of presence of discrete lizardite and chlorite, these 
phases may occur interstratified.  However, the only way to definitively identify possible 
interstratifications is by use of a transmission electron microscope.   
Partially Serpentinized Cumulate Komatiites.  The secondary assemblage of the partially 
serpentinized cumulate komatiites consists of mostly serpentine (Figure 3.3), particularly 
lizardite.  Lizardite was identified by its major peaks at 7.31, 3.63, 2.46, and 1.48Å.  Olivine was 
identified by its major peaks at 3.90, 3.72, 2.77, 2.52, 2.46Å.  Clinopyroxene was identified by 
its major peaks at 3.00, 2.96, and 2.54Å.  The peaks for lizardite, olivine, and clinopyroxene are 
very close to those reported for these minerals (Table 3.2).  
Serpentinized Cumulate Komatiites.  The serpentinized cumulate komatiites are dominated by 
the occurrence of serpentine pseudomorphs after olivine (Figure 3.3).  X-ray diffraction analyses 
confirm the serpentine mineral that occurs in these rocks is lizardite.  Lizardite was identified by 
its major peaks, at 7.31, 3.64, 2.47, and 1.54Å.  These peaks correspond to the reported peaks for 
lizardite (Table 3.2).     
Mineral Chemistry 
 
Spinifex-textured Komatiites.  The serpentine pseudomorphs after olivine in these rocks have 
significant Al2O3 and FeO contents.  These serpentines have MgO and FeO contents that range 
from 30.83 - 37.72 wt.% and 5.34 – 11.11 wt.%, respectively, and Mg numbers 
[100Mg/(Mg+Fe)] of 83.7 - 92.2 (Table 3.3).  Figure 3.4a illustrates there is considerable overlap 
in the compositional of fields for serpentine found in altered olivine, altered pyroxene and altered 




Table 3.2.  Observed and predicted d (Å) values for alteration phases from this study.  TREM = tremolite (PDF # 44-1402), LIZ = 
lizardite (PDF # 50-1625), CPX = clinopyroxene (PDF # 25-0306), OLV = olivine (PDF # 34-0189). 
 
Mineral Predicted d (Å) Observed d (Å)           
    SA427-1 KBA12-10 KBA12-11 KBA12-12 KBA12-3 KBA12-6 KBA12-7 KBA12-8 KBA12-13 KBA12-9 KBA12-16 KBA12-17 
CHL 14.24 14.40 14.52 14.35 14.33 -- -- -- -- -- -- -- -- 
TREM 8.98 9.13 9.07 9.06 9.08 -- -- -- -- -- -- -- -- 
TREM 8.38 8.46 8.47 8.44 8.47 -- -- -- -- -- -- -- -- 
LIZ, CHL 7.24, 7.12 7.28 7.31 7.26 7.27 7.32 7.31 7.31 7.33 7.30 7.30 7.31 7.31 
CHL 4.75 4.78 4.82 4.77 4.61 -- -- -- -- -- -- -- -- 
OLV 3.88 -- -- -- -- 3.89 3.89 3.90 3.90 3.90 -- -- -- 
OLV 3.72 -- -- -- -- 3.73 3.72 3.68 3.73 3.72 3.64 3.64 3.65 
LIZ, CHL 3.63 3.61 3.61 3.60 3.62 3.64 3.62 3.63 3.65 3.63 -- -- -- 
TREM 3.12 3.13 3.13 3.13 3.13 -- -- -- -- -- -- -- -- 
CPX 3.00 3.00 3.00 3.00  3.00 3.00 3.00 3.00 3.00 -- -- -- 
CPX 2.97 2.94 2.95 2.96 2.96 2.94 2.97 2.97 2.97 2.94 -- -- -- 
CHL 2.85 2.90 2.90 2.90 2.90 -- -- -- -- -- -- -- -- 
OLV 2.77 -- -- -- -- 2.77 2.77 2.77 2.77 2.77 -- -- -- 
TREM 2.71 2.71 2.71 2.71 -- -- -- -- -- -- -- -- -- 
CPX 2.54 2.60 2.56 2.57 2.54 2.53 2.53 2.53 2.53 2.56 -- -- -- 
OLV 2.51 -- -- -- -- 2.52 2.52 2.52 2.52 2.52 -- -- -- 
LIZ, OLV 2.42, 2.46 2.44 2.44 2.45 2.50 2.46 2.46 2.46 2.46 2.44 2.50 2.42 2.50 
LIZ 1.81 1.82 1.75 1.75 1.75 1.75 1.75 1.74 1.74 1.74    
























Figure 3.3.  Bulk rock x-ray diffraction patterns of spinifex-textured komatiite, partially 
serpentinized cumulate komatiite, and serpentinized cumulate komatiite.  TREM = tremolite, 
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altered host mineral, but rather on different rock samples (mainly SA 427-1 and KBA12-
10/KBA-12-11).  The serpentines that occur in SA 427-1 have lower MgO contents and higher 
FeO contents than those in KBA 12-10 and KBA 12-11.  The trend for SiO2 (wt.%) vs. Al2O3 
(wt.%) is more continuous and shows a greater distinction between altered precursor phase 
(olivine and pyroxene) and glass (Figure 3.4b), than Figure 3.4a.  These serpentines have SiO2 
and Al2O3 contents that range from 36.38 – 41.87 wt.% and 1.65 – 9.32 wt.%, respectively 
(Table 3.3).    Relative to serpentinized olivines, the serpentinized pyroxenes (bastites) have 
significant amounts of Cr2O3 (up to 2.66 wt.% - Table 3.3).  These values are comparable to 
Cr2O3 contents reported in other lizardite bastites (O’Hanley and Wicks, 1995).   
Tremolite and chlorite occur in the matrix, along with serpentine, as confirmed by x-ray 
diffraction patterns. However, the tremolite is extremely fine-grained, therefore accurate 
microprobe analyses were not obtained.  It is possible that the material in the matrix is a very 
fine mixture of serpentine, tremolite and chlorite.  Electron microprobe analyses of altered glass 
were only accomplished in one spinifex-textured komatiite (SA 427-1).  Figure 3.4b illustrates 
that the matrix of SA 427-1 has higher Al2O3 and lower SiO2 contents relative to the altered 
olivine.  There is considerable overlap in the MgO and FeO compositions of altered olivine, 
altered clinopyroxene, and altered glass from a given sample (Figure 3.4a).   
Partially Serpentinized Cumulate Komatiites.  The serpentine pseudomorphs after olivine 
contain less Al2O3 and FeO than the serpentine pseudomorphs after olivine in the spinifex-
textured komatiites (Figure 3.4).  These serpentines have MgO and FeO contents that range from 
36.62 – 41.47 wt.% and 1.48 – 5.14 wt.%, respectively, and  Mg numbers of 92.7 – 98.0 (Table 
3.3).  Figure 3.4c illustrates that for MgO and FeO, the data plot in a cluster relative to Figure 




Table 3.3.  Electron microprobe analyses of serpentine from the Weltevreden Formation, calculated on the basis of 14 O.  alt pyx = 
altered pyroxene, alt gl = altered glass, alt olv = altered olv.  Mg # = [100Mg/(Mg+Fe)] 
 
  alt pyx alt pyx alt pyx alt pyx alt pyx alt pyx alt pyx alt pyx 
  sa427-1-58 sa427-1-59 sa427-1-60 sa427-1-61 kba12-10-35 kba12-10-1 kba12-10-2 kba12-10-5 
SiO2 37.11 36.41 37.15 36.38 41.77 41.87 41.50 41.12 
TiO2 0.00 0.00 0.02 0.00 0.04 0.06 0.10 0.04 
Al2O3 6.18 7.25 6.15 5.35 3.09 2.91 2.88 3.64 
Cr2O3 2.27 1.42 1.83 2.66 0.88 0.99 1.78 1.92 
FeO 9.98 9.53 10.10 11.11 5.45 5.34 5.24 5.52 
MnO 0.11 0.00 0.10 0.22 0.50 0.45 0.24 0.19 
NiO 0.06 0.01 0.30 0.11 0.06 0.26 0.00 0.22 
MgO 32.26 33.11 31.79 31.89 35.22 35.19 34.73 35.00 
CaO 0.14 0.07 0.11 0.00 0.68 0.56 1.27 0.85 
Na2O 0.00 0.00 0.23 0.18 0.00 0.04 0.00 0.16 
K2O 0.10 0.07 0.07 0.13 0.00 0.00 0.00 0.00 
Total 88.20 87.88 87.86 88.03 87.69 87.67 87.75 88.65 
         
Si 3.593 3.521 3.614 3.569 3.944 3.955 3.924 3.859 
AlIV 0.407 0.479 0.386 0.431 0.056 0.045 0.076 0.141 
Σ tet. 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
AlVI 0.298 0.347 0.319 0.188 0.287 0.278 0.246 0.262 
Ti 0.000 0.000 0.002 0.000 0.003 0.004 0.007 0.003 
Cr 0.174 0.109 0.141 0.207 0.066 0.074 0.133 0.143 
Fe2+ 0.808 0.771 0.822 0.911 0.430 0.422 0.414 0.433 
Mn 0.007 0.000 0.007 0.015 0.032 0.029 0.016 0.012 
Ni 0.004 0.001 0.024 0.008 0.004 0.020 0.000 0.016 
Mg 4.656 4.773 4.610 4.664 4.957 4.955 4.896 4.897 
Ca 0.014 0.007 0.011 0.000 0.069 0.056 0.129 0.085 
Na 0.000 0.000 0.043 0.034 0.000 0.008 0.000 0.028 
K 0.012 0.009 0.009 0.016 0.000 0.000 0.000 0.000 
Σ oct. 5.974 6.016 5.988 6.043 5.849 5.846 5.841 5.880 




Table 3.3 cont. 
  alt pyx alt pyx alt pyx alt gl alt gl alt gl alt gl alt gl 
  kba12-16-15 kba12-16-30 kba12-16-14 sa427-1-54 sa427-1-66 sa427-1-78 sa427-1-79 kba12-6-31 
SiO2 41.33 41.81 41.37 36.10 38.64 38.50 37.65 38.21 
TiO2 0.03 0.06 0.01 0.05 0.00 0.00 0.11 0.01 
Al2O3 2.14 2.18 2.27 9.32 8.85 8.80 9.18 6.67 
Cr2O3 0.40 0.50 0.70 0.19 0.03 0.15 0.02 0.00 
FeO 4.09 3.82 4.33 9.64 8.73 8.61 8.91 2.24 
MnO 0.44 0.00 0.00 0.27 0.21 0.00 0.06 0.06 
NiO 0.11 0.10 0.31 0.17 0.19 0.29 0.15 0.10 
MgO 37.94 37.87 37.72 31.63 31.53 31.37 31.62 39.26 
CaO 0.07 0.11 0.08 0.14 0.28 0.08 0.19 0.32 
Na2O 0.00 0.00 0.31 0.00 0.04 0.39 0.23 0.33 
K2O 0.00 0.00 0.33 0.06 0.09 0.29 0.31 0.03 
Total 86.54 86.45 87.44 87.57 88.60 88.49 88.43 87.23 
         
Si 3.925 3.955 3.905 3.493 3.656 3.652 3.583 3.580 
AlIV 0.075 0.045 0.095 0.507 0.344 0.348 0.417 0.420 
Σ tet. 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
AlVI 0.165 0.198 0.158 0.555 0.643 0.636 0.613 0.316 
Ti 0.002 0.004 0.001 0.004 0.000 0.000 0.008 0.001 
Cr 0.030 0.037 0.052 0.014 0.002 0.011 0.001 0.000 
Fe2+ 0.325 0.302 0.342 0.780 0.691 0.683 0.709 0.176 
Mn 0.029 0.000 0.000 0.018 0.014 0.000 0.004 0.004 
Ni 0.008 0.008 0.024 0.013 0.015 0.022 0.011 0.007 
Mg 5.372 5.340 5.308 4.562 4.447 4.436 4.487 5.484 
Ca 0.007 0.011 0.008 0.014 0.029 0.008 0.020 0.032 
Na 0.000 0.000 0.057 0.000 0.008 0.072 0.043 0.060 
K 0.000 0.000 0.040 0.008 0.011 0.035 0.038 0.003 
Σ oct. 5.938 5.901 5.990 5.969 5.859 5.904 5.934 6.083 





Table 3.3 cont. 
  alt gl alt gl alt gl alt gl alt gl alt gl alt gl alt gl 
  kba12-6-32 kba12-6-27 kba12-6-28 kba12-13-9 kba12-13-10 kba12-13-14 kba12-13-15 kba12-13-19 
SiO2 37.76 36.72 35.87 36.57 35.60 36.14 36.13 37.18 
TiO2 0.00 0.08 0.06 0.22 0.01 0.04 0.01 0.04 
Al2O3 7.58 8.15 8.62 9.96 9.47 10.65 11.90 9.74 
Cr2O3 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 
FeO 2.27 2.17 2.42 2.35 5.14 2.08 2.21 2.53 
MnO 0.03 0.16 0.15 0.19 0.54 0.62 0.00 0.00 
NiO 0.11 0.40 0.14 0.13 0.23 0.28 0.32 0.07 
MgO 38.81 38.51 38.34 36.88 36.62 37.52 36.99 37.18 
CaO 0.33 0.22 0.44 0.25 0.20 0.00 0.06 0.04 
Na2O 0.02 0.00 0.00 0.27 0.28 0.12 0.29 0.12 
K2O 0.07 0.14 0.09 0.36 0.31 0.24 0.22 0.01 
Total 86.98 86.55 86.23 87.17 88.41 87.68 88.13 86.91 
         
Si 3.543 3.475 3.413 3.436 3.365 3.378 3.349 3.484 
AlIV 0.457 0.525 0.587 0.564 0.635 0.622 0.651 0.516 
Σ tet. 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
AlVI 0.381 0.384 0.380 0.539 0.420 0.552 0.649 0.560 
Ti 0.000 0.005 0.004 0.016 0.001 0.003 0.001 0.003 
Cr 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.178 0.172 0.192 0.185 0.406 0.162 0.171 0.198 
Mn 0.002 0.011 0.010 0.012 0.036 0.040 0.000 0.000 
Ni 0.008 0.031 0.011 0.010 0.017 0.021 0.024 0.005 
Mg 5.429 5.433 5.439 5.165 5.161 5.229 5.111 5.194 
Ca 0.033 0.023 0.045 0.025 0.021 0.000 0.006 0.004 
Na 0.003 0.000 0.000 0.049 0.052 0.022 0.052 0.021 
K 0.009 0.017 0.011 0.043 0.038 0.029 0.026 0.001 
Σ oct. 6.044 6.074 6.100 6.043 6.151 6.058 6.040 5.986 





Table 3.3 cont. 
  alt gl alt gl alt gl alt gl alt gl alt gl alt olv alt olv alt olv 
  kba12-13-20 kba12-9-32 kba12-9-33 kba12-9-6 kba12-9-13 kba12-9-14 sa427-1-18 sa427-1-20 sa427-1-21 
SiO2 35.66 37.09 37.78 37.42 37.99 38.70 41.20 40.62 40.18 
TiO2 0.08 0.10 0.00 0.00 0.00 0.06 0.03 0.00 0.13 
Al2O3 11.46 9.05 7.71 8.92 7.63 6.99 3.54 5.69 6.04 
Cr2O3 0.00 0.00 0.20 0.19 0.18 0.13 0.65 0.32 0.30 
FeO 2.27 2.73 2.74 2.74 2.52 2.68 10.13 9.19 8.88 
MnO 0.84 0.00 0.02 0.04 0.03 0.11 0.27 0.23 0.19 
NiO 0.29 0.11 0.10 0.00 0.19 0.14 0.13 0.15 0.38 
MgO 37.57 37.85 39.05 37.44 37.79 37.83 30.83 31.89 31.61 
CaO 0.07 0.00 0.13 0.15 0.10 0.13 0.12 0.14 0.12 
Na2O 0.20 0.00 0.02 0.02 0.15 0.00 0.50 0.00 0.00 
K2O 0.13 0.01 0.05 0.02 0.02 0.00 0.11 0.03 0.11 
Total 88.58 86.95 87.80 86.95 86.59 86.77 87.52 88.26 87.94 
          
Si 3.311 3.482 3.521 3.512 3.580 3.637 3.981 3.859 3.833 
AlIV 0.689 0.518 0.479 0.488 0.420 0.363 0.019 0.141 0.167 
Σ tet. 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
AlVI 0.565 0.483 0.368 0.498 0.428 0.411 0.384 0.496 0.512 
Ti 0.006 0.007 0.000 0.000 0.000 0.004 0.002 0.000 0.009 
Cr 0.000 0.000 0.015 0.014 0.013 0.010 0.050 0.024 0.023 
Fe2+ 0.176 0.214 0.213 0.215 0.199 0.211 0.818 0.730 0.708 
Mn 0.054 0.000 0.001 0.003 0.002 0.007 0.018 0.015 0.013 
Ni 0.022 0.009 0.008 0.000 0.014 0.010 0.010 0.012 0.029 
Mg 5.201 5.297 5.426 5.238 5.309 5.300 4.441 4.517 4.495 
Ca 0.006 0.000 0.013 0.015 0.010 0.013 0.012 0.014 0.012 
Na 0.037 0.000 0.004 0.004 0.028 0.000 0.094 0.000 0.000 
K 0.015 0.001 0.006 0.003 0.002 0.000 0.014 0.004 0.014 
Σ oct. 6.082 6.011 6.053 5.991 6.005 5.967 5.844 5.812 5.814 





Table 3.3 cont. 
  alt olv alt olv alt olv alt olv alt olv alt olv alt olv alt olv 
  sa427-1-23 sa427-1-8 sa427-1-9 sa427-1-12 sa427-1-14 sa427-1-15 kba12-10-10 kba12-10-11 
SiO2 40.10 41.14 39.82 39.24 41.10 40.69 40.23 40.94 
TiO2 0.00 0.10 0.00 0.00 0.01 0.01 0.00 0.03 
Al2O3 5.75 4.46 5.27 7.27 4.79 5.13 4.76 5.63 
Cr2O3 0.29 0.24 1.39 0.00 0.00 0.51 0.11 0.00 
FeO 9.82 10.12 10.26 9.59 8.78 9.66 5.50 5.34 
MnO 0.26 0.00 0.00 0.00 0.00 0.00 0.30 0.07 
NiO 0.25 0.00 0.00 0.00 0.00 0.00 0.22 0.27 
MgO 31.26 30.98 31.92 32.02 32.73 32.35 36.47 35.03 
CaO 0.15 0.00 0.00 0.19 0.00 0.02 0.16 0.20 
Na2O 0.00 0.05 0.00 0.00 0.00 0.09 0.12 0.00 
K2O 0.13 0.10 0.06 0.07 0.04 0.04 0.00 0.09 
Total 88.02 87.18 88.72 88.38 87.45 88.49 87.87 87.59 
         
Si 3.841 3.963 3.797 3.729 3.918 3.862 3.789 3.844 
AlIV 0.159 0.037 0.203 0.271 0.082 0.138 0.211 0.156 
Σ tet. 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
AlVI 0.490 0.469 0.389 0.543 0.456 0.436 0.317 0.467 
Ti 0.000 0.007 0.000 0.000 0.001 0.001 0.000 0.002 
Cr 0.022 0.018 0.105 0.000 0.000 0.038 0.008 0.000 
Fe2+ 0.787 0.815 0.818 0.762 0.700 0.767 0.433 0.419 
Mn 0.017 0.000 0.000 0.000 0.000 0.000 0.020 0.004 
Ni 0.019 0.000 0.000 0.000 0.000 0.000 0.017 0.020 
Mg 4.464 4.449 4.538 4.536 4.652 4.578 5.121 4.904 
Ca 0.015 0.000 0.000 0.019 0.000 0.002 0.016 0.020 
Na 0.000 0.009 0.000 0.000 0.000 0.016 0.022 0.000 
K 0.016 0.012 0.008 0.008 0.005 0.004 0.000 0.011 
Σ oct. 5.832 5.779 5.858 5.868 5.814 5.841 5.954 5.847 





Table 3.3 cont. 
  alt olv alt olv alt olv alt olv alt olv alt olv alt olv alt olv 
  kba12-11-18 kba12-11-19 kba12-11-23 kba12-11-24 kba12-11-5 kba12-6-30 kba12-6-33 kba12-6-34 
SiO2 38.86 37.54 38.95 38.60 40.46 40.46 42.71 42.11 
TiO2 0.03 0.00 0.01 0.00 0.00 0.09 0.05 0.00 
Al2O3 7.45 7.80 8.63 8.33 1.65 2.00 1.80 0.97 
Cr2O3 0.00 0.00 0.46 0.00 0.22 0.00 0.25 0.26 
FeO 5.50 6.02 5.68 5.82 7.46 2.62 1.74 1.48 
MnO 0.00 0.00 0.00 0.00 0.00 0.10 0.05 0.01 
NiO 0.00 0.00 0.00 0.00 0.00 0.35 0.02 0.11 
MgO 35.04 35.15 34.07 34.88 37.72 41.03 40.69 41.47 
CaO 0.00 0.16 0.19 0.00 0.08 0.01 0.05 0.08 
Na2O 0.00 0.00 0.01 0.06 0.00 0.12 0.00 0.00 
K2O 0.03 0.05 0.05 0.08 0.01 0.03 0.01 0.02 
Total 86.91 86.72 88.05 87.78 87.60 86.81 87.37 86.52 
         
Si 3.681 3.587 3.647 3.629 3.862 3.816 3.955 3.943 
AlIV 0.319 0.413 0.353 0.371 0.138 0.184 0.045 0.057 
Σ tet. 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
AlVI 0.513 0.466 0.600 0.552 0.048 0.038 0.151 0.050 
Ti 0.002 0.000 0.001 0.000 0.000 0.007 0.003 0.000 
Cr 0.000 0.000 0.034 0.000 0.017 0.000 0.018 0.020 
Fe2+ 0.436 0.481 0.445 0.458 0.595 0.206 0.134 0.116 
Mn 0.000 0.000 0.000 0.000 0.000 0.006 0.003 0.000 
Ni 0.000 0.000 0.000 0.000 0.000 0.027 0.001 0.008 
Mg 4.949 5.008 4.756 4.889 5.368 5.769 5.617 5.790 
Ca 0.000 0.016 0.019 0.000 0.009 0.001 0.005 0.008 
Na 0.000 0.000 0.001 0.011 0.000 0.021 0.000 0.000 
K 0.003 0.006 0.006 0.010 0.001 0.004 0.001 0.003 
Σ oct. 5.902 5.977 5.862 5.920 6.037 6.079 5.935 5.995 





Table 3.3 cont. 
  alt olv alt olv alt olv alt olv alt olv alt olv alt olv alt olv 
  kba12-6-35 kba12-6-46 kba12-6-25 kba 12-13-6 kba12-13-16 kba12-9-18 kba12-9-20 kba12-9-22 
SiO2 42.58 42.30 42.14 42.48 42.73 40.81 41.89 41.86 
TiO2 0.05 0.12 0.10 0.03 0.02 0.07 0.08 0.04 
Al2O3 1.08 1.53 1.37 0.95 0.38 0.85 1.24 1.24 
Cr2O3 0.11 0.40 0.03 0.10 0.00 0.00 0.38 0.38 
FeO 1.75 1.77 2.18 2.03 1.72 3.68 2.76 2.72 
MnO 0.07 0.02 0.06 0.86 0.65 0.03 0.07 0.07 
NiO 0.15 0.19 0.16 0.14 0.26 0.15 0.19 0.18 
MgO 40.80 40.67 41.30 40.07 41.18 40.38 40.26 40.85 
CaO 0.10 0.00 0.11 0.00 0.00 0.08 0.00 0.05 
Na2O 0.00 0.00 0.00 0.24 0.05 0.00 0.05 0.00 
K2O 0.02 0.05 0.03 0.13 0.06 0.03 0.03 0.00 
Total 86.70 87.05 87.50 87.02 87.04 86.08 86.95 87.40 
         
Si 3.978 3.941 3.917 3.985 3.995 3.893 3.932 3.911 
AlIV 0.022 0.059 0.083 0.015 0.005 0.095 0.068 0.089 
Σ tet. 4.000 4.000 4.000 4.000 4.000 3.989 4.000 4.000 
AlVI 0.098 0.109 0.067 0.090 0.037  0.069 0.047 
Ti 0.003 0.009 0.007 0.002 0.002 0.005 0.006 0.003 
Cr 0.008 0.030 0.002 0.007 0.000 0.000 0.028 0.028 
Fe2+ 0.137 0.138 0.170 0.159 0.134 0.294 0.216 0.213 
Mn 0.004 0.001 0.004 0.056 0.042 0.002 0.004 0.004 
Ni 0.011 0.014 0.012 0.010 0.019 0.012 0.014 0.014 
Mg 5.683 5.649 5.723 5.603 5.740 5.743 5.634 5.690 
Ca 0.010 0.000 0.011 0.000 0.000 0.008 0.000 0.005 
Na 0.000 0.000 0.000 0.043 0.008 0.000 0.010 0.000 
K 0.003 0.006 0.004 0.016 0.007 0.004 0.003 0.000 
Σ oct. 5.956 5.955 6.001 5.986 5.990 6.067 5.986 6.004 





Table 3.3 cont. 
  alt olv alt olv alt olv alt olv alt olv 
  kba12-9-25 kba12-9-27 kba12-9-30 kba12-16-23 kba12-16-1 
SiO2 41.65 41.95 41.97 41.92 42.25 
TiO2 0.03 0.06 0.03 0.18 0.01 
Al2O3 1.51 1.27 1.63 1.35 1.36 
Cr2O3 0.18 0.11 0.20 0.00 0.28 
FeO 2.92 2.73 2.73 3.07 3.45 
MnO 0.00 0.11 0.09 0.16 0.48 
NiO 0.24 0.20 0.15 0.32 0.16 
MgO 40.93 40.71 39.48 39.05 38.75 
CaO 0.04 0.06 0.00 0.01 0.10 
Na2O 0.12 0.00 0.62 0.04 0.00 
K2O 0.04 0.01 0.02 0.16 0.00 
Total 87.66 87.21 86.92 86.26 86.84 
      
Si 3.885 3.925 3.943 3.971 3.984 
AlIV 0.115 0.075 0.057 0.029 0.016 
Σ tet. 4.000 4.000 4.000 4.000 4.000 
AlVI 0.052 0.064 0.122 0.121 0.136 
Ti 0.002 0.004 0.002 0.013 0.001 
Cr 0.013 0.008 0.015 0.000 0.021 
Fe2+ 0.228 0.214 0.215 0.243 0.272 
Mn 0.000 0.007 0.006 0.010 0.031 
Ni 0.018 0.015 0.011 0.025 0.012 
Mg 5.692 5.678 5.529 5.514 5.447 
Ca 0.004 0.006 0.000 0.001 0.010 
Na 0.022 0.000 0.113 0.008 0.000 
K 0.004 0.002 0.003 0.020 0.000 
Σ oct. 6.036 5.998 6.016 5.955 5.929 




















Figure 3.4.  Compositions of the serpentines from the spinifex textured and cumulate komatiites.  
a.  MgO vs. FeO (wt.%)  for spinifex textured komatiites.  The fields outlined are based on 
sample numbers.  b.  SiO2 vs. Al2O3  (wt.%) for spinifex textured komatiites.  The fields outlined 
are based on altered precursor phase.  c.  MgO vs. FeO (wt.%) for cumulate komatiites.  d.  SiO2 
vs. Al2O3 (wt.%) for cumulate komatiites.    The fields defined are based on altered precursor 
phase.  alt gl = altered glass; alt pyx = altered pyroxene; alt olv = altered olivine; symbols the 
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or pyroxene) and altered glass from different rock samples.  The serpentines in these rocks have 
SiO2 and Al2O3 that range from 35.60 – 42.73 wt.% and 0.38 – 11.90 wt.%, respectively.  The 
altered interstitial matrix has a lower SiO2 content and a higher Al2O3 content than serpentine 
pseudomorphs after olivines (Figure 3.4d).  The matrix material has a lower MgO content and 
similar FeO contents to the serpentine pseudomorphs after olivines (Table 3.3).   
Serpentinized Cumulate Komatiites.  The serpentinized cumulate komatiites are totally 
altered; therefore, in some places, it is difficult to determine if the material represents 
pseudomorphs after olivine or matrix material.  This difficulty is due to the serpentine 
pseudomorphs after olivine and matrix having very similar contrast in backscattered electron 
mode.   The serpentinized olivines in these samples have serpentine compositions similar to 
those found as rims in the partially serpentinized cumulate layers (Figures 3.5c-d).   The 
serpentines have MgO and FeO contents that range from 37.44 – 40.93 wt.%, and 2.52 – 4.33 
(wt.%) respectively, and Mg numbers of 94.0 - 96.4 (Table 3.2). They have SiO2 and Al2O3 
contents that range from 37.09 – 41.97 wt.% and 0.85 – 9.05 wt.%, respectively.  In these rocks 
the same relationships that exist between MgO and FeO and SiO2 and Al2O3 in the spinifex-
textured komatiites and partially serpentinized peridotitic komatiites exist.  There is a bigger 
distinction between relict minerals and altered glass in SiO2 vs. Al2O3, relative to MgO vs. FeO 
(Figures 3.4c-d). 
 Remnant elongate pyroxenes are unique to a serpentinized rock located in the second 
flow (KBA 12-16).  The pyroxenes that are intersertal to olivines in this sample are altered to 
serpentine.  Similar to the bastites in the spinifex-textured komatiites, these bastites contain high 






Serpentine Chemistry  
The serpentines of the Weltevreden Formation have significant amounts of FeO and 
Al2O3; therefore they show extensive substitutions in the octahedral and tetrahedral sheets 
relative to the Mg end member.  To investigate the substitutions in these rocks a series of 
compositional diagrams are presented.  The data are compared to reference vectors that represent 
possible substitutions.  Ideally, in serpentine there are two main substitutions.  Fe substitutes for 
Mg in the octahedral layer, and Al substitutes for Mg in the octahedral sheet which is coupled 
with the substitution of Al for Si in the tetrahedral sheet (Tschermak substitution).  Figure 3.5a 
illustrates the Weltevreden Formation serpentines plot below the vector for 1:1 substitution of Fe 
for Mg (FeMg-1), therefore another substitution is controlling the deviation from this ideal trend.  
Other possible substitutions that would cause this dispersion are Al2(R-1Si-1) which is a pure 
Tschermak substitution or AlO(R(OH))-1 which describes the process of deprotonation (O2- for 
OH-).  
  Figure 3.5 illustrates that some of the analytical data falls on the Al2(R-1Si-1) exchange 
vector, but most data fall below this vector.  Some of the serpentines may follow a Tschermak 
substitution, but another substitution mechanism is responsible for the dispersion of the data.  
The regression line for the data falls on a trend roughly parallel to the AlO(R(OH))-1 exchange 
vector, suggesting deviation from the Tschermak substitution may be caused by deprotonation.  
Previous authors have noted that the transition from lizardite to chrysotile is accompanied by 
deprotonation (O’Hanley and Dyar, 1993; 1998).   These authors noted loss of H+ works in 
conjunction with the substitution of Fe3+ for Fe2+ or Mg.  Figure 3.5a illustrates the data do not 























Figure 3.5.  a.  Graph of Fe vs. Mg (per formula units) for serpentines of the Weltevreden 
Formation komatiites.  FeMg-1 describes substitution of Mg for Fe; Fe3+Al-1 describes 
substitution of Fe3+ for Al.  b.  Graph of Mg2++Fe2+ vs. total Al (per formula units)  Al2(R-1Si-1) 
describes Tschermak substitution; AlO(R(OH))-1 describes deprotonation – substitution of O2- 
for OH-1.   c.  Graph of Mg vs. total Al (per formula units).    Lines with arrows represent 
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(c) y = -0.351x + 2.40 




substitution.  Figure 3.5c illustrates that Al does substitute for Mg; therefore charge balance is 
accomplished during deprotonation by the preferential substitution of Al for Mg.   
Correlation between Serpentine and Host Mineral and Rock  
 
Xie et al. (1997) concluded that the chemical variation of chlorite is controlled by the 
coexisting mineral assemblage, crystal structure constraints, and chemical variation of the host 
bulk rock, in particular the MgO content.  The chemical influence on chlorite by the bulk rock 
has been reported by other authors who noted a linear relationship of FeO/(FeO+MgO) between 
chlorite and the bulk rock (Cathelineau and Nieva, 1985; Bevins et al., 1991).  Wicks and 
O’Hanley (1988) noted the chemical composition of serpentine is controlled by the chemical 
composition of the ultramafic rock in which it forms.  O’Hanley and Dyar (1993) also noted the 
cation substitution of lizardite depends more on the chemistry of the bulk rock than pressure or 
temperature.    
Figures 3.4a and 3.4c illustrate that MgO and FeO fields are defined not by precursor 
phase, but by rock chemistry.   Regardless of the phases present in a certain lithology, their MgO 
and FeO contents are linked to the rock chemistry.  Figure 3.4d illustrates the fields for SiO2 and 
Al2O3 are more based on precursor phase, which suggests the local microenvironment (~ 
precursor phase) is the major control on chemistry of these serpentines.  MgO and FeO have 
reached a local equilibrium in a rock and SiO2 and Al2O3 are not in equilibrium at a larger scale 
and are strongly influenced by the chemistry of the altered phase.  These variations are consistent 
with the low-temperature of alteration of these rocks.  At higher temperatures, the extent of 
equilibrium is greater, therefore the chemistry would be almost exclusively dominated by the 




Xie et al. (1997), which were altered at higher temperatures than the rocks of the Weltevreden 
Formation from this study (Chapter 4). 
The bastite-textured serpentines have high Cr2O3 contents (up to 2.66 wt.%), relative to 
serpentine pseudomorphs after olivine and altered glass (Figure 3.6).  This is a consequence of 
the pyroxene containing much more Cr2O3 than olivine.  In fact, the fresh pyroxenes contain up 
to 1.70 (wt.%), whereas the fresh olivines only contain up to 0.41 (wt.%) (Chapter 2).  Thus, , 
Cr2O3 behaves like SiO2 and Al2O3, and is controlled by the chemistry of the microenvironment 
to a greater extent than MgO and FeO.  
Chemical compositions of the bulk rock samples throughout Keena’s first and second 
flow are described in detail in Chapter 2.  The raw bulk rock data are given without anhydrous 
normalization in Table 3.3.  The following discussion is limited to serpentine pseudomorphs 
after olivine.  In this section altered glass and altered pyroxene are excluded to minimize the 
variation related to host rock or mineral composition. To investigate the major controls on the 
chemistry of these serpentines the MgO content is plotted against serpentine’s major cations.  
The major cations of serpentine are all linearly correlated to the MgO content of  the bulk rock 
(Figure 3.7).  The MgO content of the rock shows strong positive correlations with both MgO 
and SiO2 and negative correlations with FeO and Al2O3 of the serpentine.  Xie et al. (1997) 
found similar relationships between the MgO content of the rock and the major oxides in 
chlorite. 
The komatiites of the Weltevreden Formation are very Mg-rich, therefore serpentine is 
the dominant alteration product.  The MgO content of the rock shows the strongest positive 
correlation with the MgO content of the serpentine (R2 = 0.88) (Figure 3.7a).  Xie et al. (1997) 
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Table 3.3.  Unnormalized chemical compositions of whole rocks of the Weltevreden Formation 
obtained by ICP analyses 
 
wt. % SA 427-1 KBA 12-6 KBA 12-9 KBA12-10 KBA 12-11 KBA12-13 KBA12-16 
SiO2 43.20 41.30 39.30 40.60 41.30 39.70 37.10 
Al2O3 4.88 2.44 1.86 4.06 4.56 2.41 2.68 
FeO 8.15 6.33 4.71 7.55 6.65 5.29 6.50 
MgO 26.90 38.10 39.10 30.70 27.00 36.20 35.50 
CaO 4.25 2.29 0.15 4.18 7.29 1.30 0.18 
Na2O 0.04 0.02 0.01 0.03 0.03 0.01 0.00 
K2O 0.12 0.03 0.01 0.03 0.03 0.05 0.02 
TiO2 0.15 0.08 0.06 0.12 0.15 0.08 0.09 
MnO 0.14 0.09 0.07 0.12 0.12 0.07 0.11 










































Figure 3.7.  Correlation between MgO content of the rock and major cations in serpentine.   a.  
MgOrock versus MgOserp, R2 = 0.88.   b. MgOrock versus Al2O3serp, R2 = 0.88..  c.  MgOrock versus 
FeOserp, R2 = 0.80.    d.  Graph of MgOrock versus SiO2serp, R2 = 0.73.  pseudomorphs after olivine 
and MgO of the host rock. MgOrock = MgO (wt.%) of rock; MgOserp = MgO (wt.%) of 
serpentine; Al2O3serp = Al2O3 (wt.%) of serpentine; FeOserp = FeO (wt.%) of serpentine; SiO2serp  
= SiO2 (wt.%) of serpentine.   


































































A strong correlation exists between the MgO content of the rock and the Al2O3 content of 
the serpentine (R2 = 0.87) (Figure 3.7b).   The Al2O3 content of the rock is higher in the spinifex-
textured komatiites, relative to the cumulate komatiites, a result of magmatic fractionation.    
Thus Al2O3 content of these komatiites is negatively correlated with the MgO content of the 
rocks (Chapter 2).  Spinifex-textured komatiites do not contain an Al-bearing major phase 
comparable to feldspar found in basalts or komatiitic basalts; rather Al2O3 is trapped in the 
volcanic glass or as a major substituent in pyroxene (Chapter 2).  The spinifex-textured 
komatiites contain a greater proportion of this glass, relative to the cumulate komatiites.  In the 
spinifex-textured komatiites there is more Al2O3 available to substitute for MgO and SiO2, 
relative to the cumulate komatiites. Therefore, these rocks contain serpentine pseudomorphs after 
olivine with significant Al2O3 and a chlorite phase.  In the cumulate komatiites there is less glass 
present (~less Al2O3) to incorporate into serpentine pseudomorphs after olivine and pyroxene, 
and a chlorite phase does not form. 
The relationship between the MgO content of the rock and FeO of the serpentine is 
similar to that of MgO of the rock and Al2O3 of the serpentine.  These elements are both 
negatively correlated with MgO of the rock.  The spinifex-textured rocks have a higher 
concentration of FeO, as a consequence of fractionation.  Figure 3.7c illustrates, in general, the 
MgO content of the rock has a negative correlation with the FeO content of the serpentine.  Thus, 
the lower the MgO content of the rock, the higher the FeO content of the rock and the serpentine.    
Since the spinifex-textured rocks have higher FeO and Al2O3 contents relative to the cumulate 
komatiites, it follows that the spinifex-textured rocks contain serpentine with relatively high FeO 




The MgO content of the rock shows a positive correlation (R2 = 0.73) with the SiO2 
content of the serpentine (Figure 3.7d), which indicates the SiO2 content of the serpentine is 
controlled by the MgO content of the rock.  As the MgO content of the rock decreases, the MgO 
and SiO2 contents of the serpentine decreases.  If there is less MgO available in the rock, the 
serpentine will have a relatively low MgO and SiO2 content.   This is a consequence of the 
substitutions that occur in these serpentines.  When Fe and Al substitute for Mg in the octahedral 
sheet, this is compensated by substitution of Si by Al in the tetrahedral sheet.  The substitution of 
a 1:1 ratio of AlIV and AlVI describes a pure Tschermak substitution, however not all of these 
serpentines follow a pure Tschermak substitution (Figure 3.5).  It follows that if more MgO is 
available in the rock, then more MgO will be incorporated into the serpentine structure, and less 
SiO2 is replaced by Al2O3.  Thus, the composition of the serpentine moves closer to an ideal 
serpentine formula.   
Alteration History 
 
Nature of Fluid.  Most workers agree the rocks of the Barberton Greenstone Belt have 
experienced sub-seafloor metamorphism and metasomatism (De Wit et al., 1982; Smith et al., 
1984; Paris et al., 1985).  Two possibilities for the serpentinizing fluids are H2O-rich or CO2-rich 
fluids that circulated through these submarine volcanic flows.  De Ronde and Kamo (2000) noted  
the secondary alteration assemblage of the mafic rocks in the Weltevreden Formation area 
include carbonates, which they attributed to later overprinting of greenschist grade 
metamorphism by a CO2-bearing fluid.      The presence of secondary carbonate minerals in 
peridotites suggests the rocks have experienced CO2 metasomatism or carbonatization 
(O’Hanley, 1996).  Carbonate minerals (magnesite, calcite, dolomite) replace serpentine, and not 




the occurrence of a Ca-Mg carbonate mineral and a silicate such as talc and quartz, which has a 
lower MgO/SiO2 ratio relative to serpentine. In fact, lizardite and chrysotile are not stable in 
CO2-rich fluids (> 5 mole % CO2) (Johannes, 1969).   Carbonates are absent from the 
secondary assemblage of the Weltevreden Formation komatiites in this study, which suggests 
that a CO2-rich fluid did not alter these rocks during a later stage of alteration.  The existence of 
hydrous alteration products and the absence of carbonates in the Weltevreden Formation 
komatiites in this study indicates that a H2O rich fluid was responsible for altering the rocks of 
the Weltevreden Formation.   
Textural Interpretation.  X-ray diffraction and electron microprobe analyses of the 
Weltevreden Formation komatiites identify lizardite as the serpentine phase present. The 
pseudomorphic textures observed in these rocks suggest these are mesh-textured lizardite ± 
chrysotile.  Chrysotile was not observed in x-ray diffraction patterns, but in the field and in thin 
section minor fibrous chrysotile veins are present in the komatiites of the Weltevreden 
Formation.  The presence of mesh textured lizardite pseudomorphs after olivine rather than the 
obliteration of igneous textures in non-pseudomorphic textures is consistent with low degrees of 
alteration.  In this type of serpentinization, alteration of olivine produces mesh rims of lizardite ± 
brucite, and chrysotile occurs predominantly in veins along joint planes (Wicks and Whittaker, 
1977).  The presence of relict olivine, orthopyroxene, clinopyroxene and chromite indicates 
chemical equilibrium was not achieved.  The presence of serpentine with large variations in 
composition within single samples is consistent with these non-equilibrium conditions. The 
alteration assemblage identified from field observations, petrography, and x-ray diffraction 
analyses suggests the komatiites of the Weltevreden Formation experienced subgreenschist 




Geologic Setting and Serpentinization.  In each of the protocontinental blocks that eventually 
formed the Barberton Greenstone Belt, mafic and ultramafic volcanism was followed by the 
intrusion of tonalite-trondhjemite-gradodiorites (Lowe, 1999).  The geologic setting along rifts or 
oceanic islands or plateaus has been suggested for mafic and ultramafic volcanism and a setting 
of subduction-related magmatism has been suggested for felsic volcanism that occurred in the 
Barberton Greenstone Belt (Lowe, 1999).  After extrusion of the Weltevreden Formation 
komatiites these rocks were intruded by the 3.23 Kaap Valley (Kamo and Davis, 1991, 1994) and 
Nelshoogte plutons.   The Weltevreden Formation komatiites from the study area do not seem to 
be affected by this contact metamorphism.  It has been noted that rocks in the Barberton 
Greenstone Belt have experienced greenschist to amphibolite facies metamorphism (Viljoen and 
Viljoen 1969b).  However, the rocks of the Weltevreden Formation have undergone lower grades 
of alteration as evident from the textures and chemistry of the alteration products, and the 
temperatures of serpentinization (142-310°C) calculated using O isotopes (Chapter 4).  Using 
chlorite geothermometry, Xie et al. (1997) concluded that the rocks of the Barberton Greenstone 
Belt have experienced lower greenschist facies metamorphism, at a temperature of ~ 320°C.  
This higher temperature estimated by Xie et al (1997) relative to that obtained for the 
Weltevreden Formation komatiites is expected as the rocks from their study are extensively 
altered and chemical equilibrium between chlorites was achieved in a given rock.   
The Weltevreden Formation komatiites possibly experienced metamorphism as low as 
prehnite-pumpellyite facies.  The exact timing of alteration event(s) affecting these rocks is not 
known definitively.   Alteration in these rocks seems to be a consequence of serpentinization, 




hydrothermal fluids circulating through rocks, and probably did not result from intrusion of 
tonalite-trondhjemite-granodiorites plutons.   
CONCLUSIONS 
 
 The komatiites of the Weltevreden Formation, Barberton Greenstone Belt contain a 
classic suite of alteration minerals, including lizardite, chlorite, tremolite and magnetite, as 
observed from x-ray diffraction data.  From electron microprobe analyses many of the 
serpentines show significant variation in composition, as a consequence of FeO and Al2O3 
substitution.  The serpentines exhibiting this extensive substitution are lizardites, which show a 
large range in FeO and Al2O3 substitution - although field observations and petrographic 
analyses indicate that chrysotile is also present in these rocks. 
The chemical variation of these serpentines is primarily controlled by the bulk rock 
chemistry, as this controlled the chemistry of the primary phases.  As a consequence of the low-
temperature serpentinization, microenviroments developed based on the primary phases of a 
given rock, and they also influenced the chemistry of the serpentine.  SiO2, Al2O3, and Cr2O3 are 
more influenced by the microenvironment, and MgO and FeO are directly controlled by the bulk 
rock chemistry.   
All substitutions in the serpentines of these rocks can not be attributed to a simple 
substitution of FeMg-1 or Al2(R-1Si-1) (Tschermak substitution), common in other serpentines and 
chlorites.  None of the data follow the FeMg-1 vector and only some data follow the Al2(R-1Si-1) 
vector.  The majority of the data suggest that deprotonation may have occurred. 
The absence of carbonates from the secondary alteration assemblage, and occurrence of 
exclusively hydrous alteration phases suggest the alteration fluid was H2O-rich – seawater or 




during low temperature serpentinization, subgreenschist facies metamorphism, which is a lower 
grade of metamorphism previously determined for rocks of the Barberton Greenstone Belt.   
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CHAPTER 4.  LITHIUM AND OXYGEN ISOTOPIC COMPOSITIONS OF 
KOMATIITES FROM THE BARBERTON GREENSTONE BELT, SOUTH 
AFRICA:  IMPLICATIONS FOR THE COMPOSITION OF THE 




The komatiites of the 3.29 Ga Weltevreden Formation represent unusually fresh 
ultramafic flows that erupted as very fluid lavas. Although all komatiites have been altered by 
hydration and/or metamorphic processes, petrographical and geochemical analyses confirm that 
the komatiites of the Weltevreden Formation have retained much of their igneous texture and 
chemistry (Chapter 2).  Olivines, chromites, and pyroxenes contained in these rocks represent 
original magmatic phases. It is thought that the komatiites of the Barberton Greenstone Belt 
erupted in a submarine setting (Lowe and Byerly, 1999).  Therefore possible alteration fluids 
include seawater and/or hydrothermal fluids.  Since these komatiites are very fresh, relative to 
other Archean komatiites, these rocks may yield important information concerning the isotopic 
composition of the Archean mantle and ocean.   
Alteration on the seafloor influences the elemental and isotopic composition of seawater 
and the crust.  This is the link between the surface and the mantle, as altered ocean crust may be 
subducted and partially recycled in island arcs, and thus contribute to heterogeneities in the 
mantle (Chan et al., 1992; Alt, 1999).   Stable isotopes such as Li and O are used in magmatic 
systems to constrain source compositions as well as to determine the temperature of alteration. 
The study of Li is useful as a tracer in geochemical processes such as mantle and alteration 
processes for several reasons.  Firstly, it occurs in trace amounts in many rocks and minerals, and 
it is concentrated in crustal rocks relative to the mantle.  Secondly, it is mobilized during 
hydration.  And thirdly, the large mass difference (~17%) between its two isotopes (7Li and 6Li) 




Edmond, 1988; Chan and Frey, 2003).  At magmatic temperatures, there is no significant 
isotopic fractionation of Li (Tomascak et al., 1999).   Studying mantle derived rocks can yield 
valuable geochemical information concerning mantle source compositions that may have been 
modified by recycled crustal material.   
Previous studies of fresh mantle-derived rocks have addressed the systematics of Li 
isotopes to determine their mantle source compositions (Chan and Frey, 2003; Kobayashi et al., 
2004, Nishio et al., 2004).   Previous studies of altered rocks such as serpentinites examined the 
Li budget of seawater, as well as the nature of the fluid responsible for serpentinization (Decitre 
et al., 2002).  The O isotopic system is also useful in the study of mantle derived rocks because, 
similar to Li, O isotopes fractionate during alteration as a function of temperature and the 
isotopic composition of the fluid.  Previous studies have used O isotopes to constrain magmatic 
processes and compositions of the mantle source region and parental magmas, as well as the 
compositions and temperatures of the fluids responsible for alteration (Wenner and Taylor, 1971; 
Smith et al., 1984; Eiler, et al., 1996; Decitre et al., 2002).  
This is the first study of the Li contents and Li isotopic composition, in conjunction with 
O isotopic compositions, of 3.29 Ga komatiites and fresh olivine separates.  These results should 
have important implications for the evolution of Li and O in the mantle through time.  The fresh 
olivine separates should yield information about the Archean mantle source isotopic composition 
of Li and O.  The highly altered samples should yield information concerning the 
serpentinization process, including the serpentinizing fluid and the temperature of 
serpentinization.  The objectives of this study are (1) to constrain the Li concentration, and Li 
and O isotopic ratios of the Archean mantle and (2) to determine the temperature of 





A suite of samples from the Weltevreden Formation, Barberton Greenstone Belt was 
selected for determination of Li concentration and Li and O isotopic compositions.  A detailed 
description of the field occurrence, geology, petrography, and geochemistry of these samples is 
found in Chapter 2.  Samples include six komatiitic olivine separates, two partially serpentinized 
cumulate komatiites, two serpentinized cumulate komatiites, and two spinifex-textured 
komatiites.  A summary of the primary igneous and secondary metamorphic mineralogy is given 
in Table 4.1.   
The spinifex-textured komatiites contain serpentine pseudomorphs after olivine and fresh 
and altered acicular orthopyroxene and clinopyroxene.  Pigeonite and augite commonly rim 
orthopyroxene, and augite forms discrete microcrysts (Chapter 2).  These rocks contain a greater 
percentage of altered glass than the cumulate komatiites.  X-ray diffraction analyses confirm that 
the spinifex-textured rocks contain the secondary alteration products of tremolite, chlorite, and 
serpentine (Chapter 3).   
The cumulate layers of these komatiites have been partially serpentinized in flow 
interiors, and basal zones have been totally serpentinized.  The partially serpentinized cumulate 
komatiites contain the primary phases olivine, chromite, orthopyroxene, pigeonite, and augite 
(Chapter 2).  Petrographic and x-ray diffraction analyses indicate these rocks contain the 
secondary alteration phases of serpentine as fine rims on and cracks within olivine, magnetite as 
fine discrete rims on olivine, and fine-grained altered groundmass that represents trapped melt 
(Chapters 2 and 3).   
The volume proportion of alteration was estimated using backscattered electron images to 




Table 4.1.  Summary of the lithology, and primary and secondary mineralogy of whole rocks 
chosen for this study.   
* alteration percent could not be determined for the spinifex-textured komatiites due to their fine 
grained and heterogeneous texture.  
olv = olivine, opx = orthopyroxene, pig = pigeonite, aug = augite, serp = serpentine, chl = 
chlorite, trem = tremolite, mt = magnetite, sk = spinifex-textured komatiite, psck = partially 
serpentinized cumulate komatiite, sck = serpentinized cumulate komatiite.  Keena’s 1st = 
Keena’s First flow, Keena’s 2nd = Keena’s Second flow, Gary’s 2nd = Gary’s Second flow. 
 
Sample # flow  lithology primary mineralogy secondary mineralogy % alteration 
SA 427-1 Keena's 1st sk opx, pig, aug altered glass, serp, trem, chl, mt * 
KBA 12-6 Keena's 1st psck olv, opx, pig, cpx serp, mgt 70 
KBA 12-9 Keena's 1st sck --- serp, mgt 100 
KBA 12-10 Keena's 2nd sk opx, pig, aug altered glass, serp, trem, chl, mt * 
KBA 12-16 Keena's 2nd sck --- serp, mgt 100 



















The mass proportion of serpentine (~alteration) is approximately 70 % in the partially 
serpentinized cumulate komatiites.    Petrographic and x-ray diffraction analyses show that the 
serpentinized cumulate komatiites contain nearly 100% serpentine, with only minor amounts of 
magnetite.  When present in the serpentinized cumulate komatiites, orthopyroxene is altered to 




Whole rocks were crushed in a jaw crusher and pulverizer to < 400 µm.  Olivines were 
separated using heavy liquid and magnetic separations.  An experiment was performed on two 
olivine separates (KBA 12-6, SA 564-3) to remove the serpentine rim.  One portion of each 
sample was washed in 0.5 N HCl and the other portion in 0.1% HF.  However, flame emission 
analyses indicate no difference in Li concentration between the olivines washed in HCl or HF.  
The remaining olivine separates (KBA 12-7, SA 501-1, SA 563-2, SA 563-3) were washed with 
0.1% HF.  The procedures followed for the determination of Li concentration and Li isotopic 
compositions are described in You and Chan (1996).  Olivine separates and whole rocks were 
washed with methanol and water.  Whole rocks and olivines were ground in an agate mortar.  
Whole rocks and olivine separates were then digested in a mixture of double-distilled HClO4 and 
HF.  Li concentrations were obtained by flame emission spectroscopy with standard additions.  
Approximately 100 ng of Li was separated from the rock solution by ion exchange 
chromatography and converted to Li3PO4.     The cation exchange columns were calibrated with 
the olivine separates and whole rocks from this study.    Li isotopes were obtained on a Finnigan 




assembly.  Repeat analyses of the isotope standard LSVEC yielded 7Li/6Li = 12.0844 ± 0.0088 
(2σ)  Li isotopic compositions are expressed as δ7Li relative to LSVEC:   
δ7Li = [(7Li/6Li) sample/(7Li/6Li)LSVEC – 1] x 1000     (1) 
 
Replicate analyses of the standard rock JB-2 yielded a concentration value of 7.79 ± 0.14 ppm 
and δ7Li of 5.1 ± 0.4‰, in agreement with literature values (Chan and Frey, 2003).   
Oxygen 
Oxygen isotopes for olivine separates and whole rocks were determined by CO2 laser 
fluorination (Valley et al., 1995).  Approximately 1 mg of olivine or powdered whole rock was 
loaded onto stainless steel holders along with the standard reference material UWG-2.  O2 was 
collected in a sample vessel containing a molecular sieve at -196°C and analyzed on a Finnegan 
MAT 253 mass spectrometer in dual inlet mode.  The O isotopic compositions of olivine and 
whole rocks are expressed as: 
δ18O = (18O/16Osample/18O/16Ostandard) – 1] x 1000     (2)  
Results are reported relative to the international reference standard VSMOW.  Multiple analyses 
of UWG-2 yields a value a δ18O of 5.84 ± 0.1‰, consistent with the reported value of 5.80‰ 
(Valley et al., 1995).  The standard deviations of olivine and whole rock analyses are < 0.1‰ and 





Olivine.  Six olivine separates from four different komatiitic flows of the Weltevreden 
Formation have Li contents of 1.32 to 3.77 ppm (Table 4.2).  Figure 4.1 illustrates the general 
correlation between Fo% [100Mg/(Mg+Fe)] and Li contents of these olivines.  In general, with 




Table 4.2.  Li concentration, and Li and O isotopic compositions of olivine and whole rocks.  
Same abbreviations as given in table 4.1.  Note:  MgO (wt.%) and Fo content of SA 501-1 is for 
KBA 12-13 (chapter 1) which is in the same flow and near in section. olva = olivine washed with 
HF;  olvb = olivine washed with HCl.  olvc = replicate analyses.  Fo% = 100Mg/(Mg+Fe2+) 
 
Sample # Flow  Sample type Li (ppm) δ7Li (‰) δ18O  (‰) MgO (wt%) Fo % 
KBA 12-6 Keena's 1st olva  1.32 0.5 4.1 53.14 94.70 
KBA 12-6 Keena's 1st  olvb 1.35 0.2 -- -- -- 
KBA 12-7 Keena's 1st olv 1.64 2.1 3.7 52.76 94.10 
KBA 12-7 Keena's 1st olvc -- 1.2 -- -- -- 
SA 501-1 Keena's 2nd olv 1.30 4.0 3.9 53.72 95.60 
SA 563-2 Gary's 1st  olv 1.93 9.7 3.9 52.71 95.10 
SA 563-2 Gary's 1st  olvc -- 10.0 -- -- -- 
SA 563-3 Gary's 1st  olv 3.77 5.3 3.8 53.39 95.00 
SA 564-3 Gary's 2nd olva  2.58 4.0 3.8 50.94 92.70 
SA 564-3 Gary's 2nd olvb 2.55 3.9 -- -- -- 
SA 427-1 Keena's 1st  sk 9.58 5.0 4.0 30.64 -- 
KBA 12-6 Keena's 1st  psck 1.96 1.3 3.1 42.02 -- 
KBA 12-9 Keena's 1st  sck 3.40 6.8 3.0 45.85 -- 
KBA 12-10 Keena's 2nd  sk 22.40 6.8 3.8 35.13 -- 
KBA 12-16 Keena's 2nd sck 5.50 7.9 3.4 43.20 -- 


































Figure 4.1.  Graph of Fo% [100Mg/(Mg+Fe2+)] vs. Li (ppm) for olivines from the partially 
serpentinized cumulate komatiites.  Keena’s 1st = Keena’s first flow, Keena’s 2nd = Keena’s 











































inverse relationship of Fo  and Li concentration of olivine.  However, two olivine samples show 
anomalously high Li (ppm) when compared to Fo content, relative to other olivine samples.  In 
general, the olivines from Keena’s flows have lower Li contents than olivines from Gary’s flows.  
Although these olivine separates show a range of values, they are consistent with the Li contents 
of olivine (1-4 ppm) in peridotites reported from other studies (Ryan and Langmuir, 1987; Seitz 
and Woodland, 2000; Ottollini et al., 2004).     
Whole Rocks.  The two partially serpentinized cumulate komatiites contain Li contents of 1.96 
ppm and 3.98 ppm (Table 4.2).  Figure 4.2 illustrates the correlation between MgO (wt.%) and 
Li (ppm) of the olivines and whole rocks.  The average reported values of fresh peridotites are 1-
3 ppm (Ryan and Langmuir, 1987; Seitz and Woodland, 2000).  These values are lower than 
those of fresh midocean ridge tholeiitic basalts which are 5-6 ppm (Chan et al., 1992).   
The two serpentinized cumulate komatiites have Li contents of 3.40 ppm and 5.50 ppm 
(Table 4.2).  These rocks have intermediate concentrations of Li.    The Li contents of these 
rocks are consistent with others reported for serpentinites from the southwest Indian Ridge (0.6 – 
8.2 ppm - Decitre et al., 2002).   
The two spinifex-textured komatiites have Li contents of 9.58 ppm and 22.40 ppm (Table 
4.2).  These are the highest Li contents for the Weltevreden komatiites analyzed.     These Li 
concentrations are even higher than those reported for serpentinites (Decitre et al., 2002).   
Lithium Isotopic Composition 
Olivine.  The olivine separates have δ7Li values ranging from 0.5 to 9.8‰.  Figure 4.3 illustrates 
the positive correlation between Li content and δ7Li values of the olivines and whole rocks; as 
δ7Li increases, Li concentration increases.  The δ7Li value of 0.5‰ is the lowest thus far reported 







Figure 4.2.  Graph of MgO (wt.%) vs. Li (ppm) for olivines and whole rocks of the Weltevreden 
Formation.  olv = olivine, sk = spinifex-textured komatiites, psck = partially serpentinized 











































































































Figure 4.4.  Comparison of olivine and whole rock Li isotopic compositions from this study and 
previous studies.    
athis study – Weltevreden Formation, Barberton Greenstone Belt 
bBouman et al. (2000) – ocean peridotitic xenoliths, La Palma 
cChan and Frey (2003) – olivines and lavas, Hawaii 
dMoriguti and Nakamura (1998) - MORB 
eChan et al. (1992) - MORB 
fDecitre et al. (2002) – serpentinites, southwest Indian Ridge 
gBrooker et al. (2000) – fresh peridotites, Zabargad Island, Red Sea 
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for an olivine separate in a 3.2 Ga Siberian peridotitic xenolith, and close to that suggested by 
McDonough et al. (2003) for the lower bulk solar system based on chondritic meteorites (~ 0‰).  
The low δ7Li value for the olivine of the Weltevreden Formation is also lower than olivine 
reported from Hawaiian lavas (Chan and Frey, 2003) and lower than values reported for MORB 
(Figure 4.4 – Chan et al., 1992; Moriguti and Nakamura, 1998).  Conversely, the δ7Li values of 
olivines ranging from 3.9 to 5.3 ‰ from Gary’s flows are consistent with values of MORB.  
However, the value of 9.8‰ for an olivine from Gary’s 1st flow is higher than δ7Li values 
reported for xenolithic olivines from La Palma (Bouman et al., 2000) and considerably higher 
than those reported for MORB (Figure 4.4 – Chan et al., 1992; Moriguti and Nakamura, 1998). 
Whole Rocks.  The partially serpentinized cumulate komatiites have δ7Li values of 1.3‰ and 
4.4‰.    The low δ7Li value of the partially serpentinized cumulate komatiite is in the range of 
the lower limit reported for fresh MORB (Moriguti and Nakamura 1998).  The higher δ7Li value 
is comparable to the average δ7Li value of MORB (Chan et al., 1992) and of fresh peridotites 
(Figure 4.4 - Brooker et al. 2000). 
The serpentinized cumulate komatiites have δ7Li values of 6.8‰ and 7.9‰.  These 
values are higher than that reported for MORB, but within the range of reported δ7Li values for 
serpentinites (Figure 4.4 – Decitre et al., 2002).   
The spinifex-textured komatiites have δ7Li values of 5.0‰ and 6.8‰.  This is the first 
study to determine the Li isotopic composition of spinifex-textured rocks.  These rocks have δ7Li 







Oxygen Isotopic Composition 
Olivine. The fresh olivine separates yield δ18O values ranging from 3.8 to 4.2‰ (Table 4.2).  
The O isotopic compositions of the olivines are much more homogenous than the Li isotopes.   
Figure 4.5 is a graph of δ7Li (‰) vs. δ18O (‰) for olivines and whole rocks of the Weltevreden 
Formation.  This graph illustrates the lack of correlation between these two isotopic systems.  
The δ18O of the Weltevreden Formation olivines are lower than δ18O values for olivines from 
Australian komatiites, and also lower than those of olivine typical of the upper mantle (Figure 
4.6 - Mattey et al., 1994).  
Whole Rocks.  The partially serpentinized cumulate komatiites yield δ18O values of 2.5‰ and 
3.0‰.   In general these values are all lower than δ18O values previously reported for ultramafic 
rocks, and lower than δ18O for MORB (Figure 4.6 - Ito et al., 1987).  The δ18O values of the 
Weltevreden Formation whole rocks are also lower than those reported for the komatiites of the 
Komati Formation (Figure 4.6 - Smith et al., 1984).   
 The serpentinized cumulate komatiites have δ18O values of 3.1‰ and 3.2‰.  These rocks 
are composed completely of serpentine with minor amounts of magnetite.  These values are 
consistent with δ18O values of other serpentinites (Figure 4.6).   
The spinifex-textured komatiites have δ18O of 3.7‰ and 4.1‰.  These values are slightly 
lower than those reported for completely altered spinifex rocks (5.2 to 6.1‰) from the Komati 
Formation (Smith et al., 1984). 
DISCUSSION 
 
Lithium and Oxygen in the Mantle 
Lithium.  Li (0.74 Ǻ) has an atomic radius similar to Mg (0.72 Ǻ) and Fe (0.78 Ǻ), and therefore 





















































































Figure 4.6.  Comparison of olivine and whole rock O isotopic compositions from this study and 
previous studies.    
aThis study – komatiites, Weltevreden Formation, Barberton Greenstone Belt 
bHoefs and Binns (1978) – komatiitic olivines, Australia 
cMattey et al. (1994)  - olivines, peridotite 
dFaure et al. (1986) – range for ultramafic rocks 
eSmith et al. (1984) – komatiites, Komati Formation, Barberton Greenstone Belt 
fDecitre et al. (2002) – serpentinites, southwest Indian Ridge 
gIto et al. (1987) - MORB 
hHemond et al. (1993) – tholeiitic lavas, Iceland 
 
 














1970; Ryan and Langmuir, 1987).  Li substitutes for Fe or Mg, along with trivalent cations for 
charge balance (Seitz and Woodland, 2000).  Alternatively, Li and Na substitute for each other in 
olivine in the M2 site (Brenan et al., 1998).  Based on data from basalts and peridotites, it is 
shown that Li chiefly resides in olivine and pyroxene (Ryan and Langmuir, 1987).  Olivine 
contains more Li than other minerals in mantle peridotites, therefore olivine will dominantly 
control the Li budget in fresh mantle peridotite (Eggins et al., 1998; Pearson et al. 2003).   
From optical examination, the olivine separates all have similar and minor proportions of 
serpentinized rims and cracks (<10 volume %), therefore the higher Li concentration observed 
for olivines from Gary’s flows can not be attributed to a higher proportion of serpentine.  The 
similarity of the Li concentrations of the olivines from this study in comparison with other 
studies is consistent with these olivines having retained their original Li content.  Since these 
olivines retain their igneous texture and chemistry, variation in Li is a consequence of magmatic 
processes. 
Information on the elemental and isotopic chemistry of the Archean mantle can be 
obtained from Archean komatiites, since they were produced from very high degrees of melting.   
Previous studies have estimated the Li concentration in the primitive mantle from ultramafic 
xenoliths that are thought to represent primitive mantle (1.8 – 1.9 ppm, Jagoutz et al., 1979; 
Ryan and Langmuir, 1987).  Since all komatiites have been altered to some degree, it is not 
possible to determine the Li content of the Archean mantle from the Li content of the 
Weltevreden Formation whole rocks.  Fresh mineral separates from the Weltevreden Formation 
contain thin serpentine rims after olivine, therefore a correction for this small amount of 
serpentine is needed.  After correcting for the serpentine (average Li = 4.44 ppm - serpentinized 




values are still within the range of Li values (1 – 4 ppm) for olivine from peridotites (Ryan and 
Langmuir, 1987; Seitz and Woodland, 2000; Ottolini et al., 2004).  The composition of the 
Weltevreden Formation komatiitic liquid can be estimated using the equation (Wilson, 1989): 
KDLi = COLV/CL    (3) 
where KD is the partition coefficient for Li, COLV is the concentration of Li in olivine, and CL is 
the concentration of Li in the komatiitic liquid.  Using this equation, Li concentrations of 3.2 to 
4.4 ppm for Keena’s flows and 5.5 to 12.3 ppm Gary’s flows are calculated for the Weltevreden 
Formation komatiitic liquids (Table 4.3), assuming a KD of 0.3 (Ryan and Langmuir, 1987; 
Brenan et al., 1998).  In general, Keena’s flows contain olivines with lower Li concentrations, 
and thus have lower values for the calculated Li content for the Weltevreden Formation 
komatiitic liquids.  This suggests the liquids that produced Keena’s flows and Gary’s flows had 
different Li compositions.   
The composition of the mantle has been inferred in previous studies using data on fresh 
xenoliths and ultramafic nodules.  Previous authors have suggested that the Earth’s mantle 
contains 1.8 to 2.0 ppm, based on analyses of ultramafic nodules (Jagoutz et al., 1979; Ryan and 
Langmuir, 1987).  Similarly, Ottolini et al. (2004) concluded that the Li content for the source of 
MORB is 1.6 to 1.8 ppm.   
To determine the composition of Li in the Archean mantle from the Li composition of the 
calculated Weltevreden Formation komatiitic liquid, the Rayleigh fractionation equation is used.  
Rayleigh fractionation describes crystallization in which the crystals are separated from the 
liquid, and not allowed to re-equilibrate with the liquid.  The equation for Rayleigh fractionation 
(Wilson, 1989) is: 




where F is the fraction of partial melting (0 ≤ F ≤ 1), D is the bulk distribution coefficient for the 
solid phases, and CO is the concentration of Li in the original mantle assemblage.  F was 
estimated using the concentration of the heavy rare earth elements (dysprosium to lutetium) in 
the spinifex-textured komatiites of the Weltevreden Formation, compared to the concentration of 
these elements in the primitive mantle.  CO values are from Palme and O’Neil (2003) and the D’s 
used are from Kennedy et al. (1993).  These Ds are consistent with partial melting that leaves a 
residue of only olivine, consistent with previous studies of Al-undepleted lavas such as those of 
the Weltevreden Formation (Byerly, 1999; Ohtani et al., 1989).  These calculations yield an F of 
0.85 – 0.90.  Assuming a D of 0.3, a Li composition for the mantle source of 2.8 – 4.0 ppm for 
Keena’s flows and 4.9 – 11.0 ppm for Gary’s flows was determined (Table 4.3).  These 
calculated Li contents for mantle source regions for Keena’s flows and Gary’s flows differ; the 
calculated Li contents for the source regions of Gary’s flows are more enriched in Li, relative to 
Keena’s flows. The calculated Li values for the source of Keena’s flows more closely 
approximate previous estimates for the primitive mantle (Jagoutz et al., 1979; Ryan and 
Langmuir, 1987). However, the calculated mantle values of the Gary’s flow are much higher.  In 
fact, both sets of estimates are higher than those predicted for the mantle’s Li composition.  
These calculated Li values for the source regions of the Weltevreden Formation are too high to 
represent primitive mantle.  This may be due to the use of an incorrect F.  The chemical 
compositions of Munro-type (~Al-undepleted) komatiites could indicate both moderate degrees 
(35 – 44%) of partial melting or very high  (~100%) degrees of melting (Herzberg, 1992).    
Chavagnac (2004) suggested Al-undepleted and Al-depleted komatiites from the Komati 
Formation may have been produced from mantle that has been previously melted.  Some of the 




Table 4.3.  Calculation of Li concentration of komatiitic liquid of the Weltevreden and mantle 
source.  Li’ is the corrected the Li concentration of the olivine assuming 10% serpentinization 
and an average Li concentration of serpentine (4.44 ppm) obtained from serpentinized cumulate 
komatiites. 
 
Sample # Li (ppm) Li' (ppm) Liquid, Li (ppm) Mantle (F=0.85) Mantle (F=0.50) 
KBA 12-6 1.32 0.97 3.2 2.9 2.0 
KBA 12-7 1.64 1.33 4.4 4.0 2.7 
SA 501-1 1.30 0.95 3.2 2.8 1.9 
SA 563-2 1.93 1.65 5.5 4.9 3.4 
SA 563-3 3.77 3.70 12.3 11.0 7.6 





















produced from a slightly depleted source that has undergone previous melt extraction. Therefore, 
a more reasonable estimate of 0.5 for F may be appropriate for komatiites of the Weltevreden 
Formation.  This is near other estimates for the amount of partial melting proposed for Al-
undepleted komatiites (Herzberg, 1992; Arndt, 2003).  Using this value for F yields Li source 
compositions of 1.9 to 2.7 ppm for Keena’s flows and 3.4 to 7.6 ppm for Gary’s flows.  The 
estimates for Keena’s flows more closely approximate the compositions of ultramafic nodules 
and xenoliths, assumed to be the Li concentration of the primitive mantle.  But the estimates for 
Gary’s flows still yield Li concentrations that are too enriched in Li to represent primitive 
mantle.  Perhaps the higher calculated Li content for the mantle source is due to it having higher 
Li concentrations than previously is assumed for the primitive mantle.   
At the very high temperatures required for komatiitic magma generation in the mantle, Li 
isotopes do not fractionate, therefore the Li isotopic composition of the olivines of the 
Weltevreden Formation should represent not only the Li isotopic composition of the parental 
liquid, but also the Li isotopic composition of the mantle source region.  The Li isotopic 
compositions of the olivines show a range of compositions, from low δ7Li values (lower than 
those reported for most fresh mantle-derived olivines) to higher δ7Li values (consistent with 
MORB).  This suggests the komatiitic liquid and the mantle source reservoir of the Weltevreden 
Formation were heterogeneous with respect to Li isotopes.   
Chan et al. (2002a) reported a δ7Li value of 5.0 ‰ for an undepleted spinel lherzolite 
from Zabargad Island, which is thought to represent undepleted upper mantle material (Bonatti et 
al., 1986).   Chan et al. (2002a) noted this value is similar to MORB (Chan et al., 1992).  Chan 
and Frey (2003) suggested the least degassed mantle has a δ7Li value of 4‰, based on the 




authors noted this value is consistent with the δ7Li value of the Orgueil C1 chondrite (James and 
Palmer, 2000). 
Some Hawaiian basalts have low δ7Li values, and these are attributed to source region 
variation, incorporation of recycled crust, or hydrothermally altered ocean crust (Chan and Frey, 
2003; Kobayashi et al., 2004).  Oceanic crust altered at low temperature has higher δ7Li values 
than MORB, but hydrothermally altered oceanic crust has lower δ7Li values (Chan et al., 1992, 
2002b).  The variation in the Li isotopic composition of Hawaiian lavas has been postulated to 
either represent the least degassed mantle, lower lithosphere assimilated in plume-derived 
magmas, or incorporation of recycled crust (Chan and Frey, 2003).  As a consequence of 
subduction, dehydration occurs - and the heavy Li isotope (7Li) partitions into the fluid and the 
light Li isotope (6Li) is retained in secondary phases.  Therefore, the Li isotopic composition of 
the subducted slab could have lower δ7Li values than the mantle (Zack et al., 2003).  The fluids 
may also enrich the viscously coupled mantle wedge above the subduction zone in the heavier 
isotope (Elliot et al., 2004).  Both these inputs may have different Li isotopic compositions than 
the mantle. In fact, hydrothermally altered basaltic crust can have δ7Li values as low as -1.7‰ 
(Figure 4.4) (Chan et al., 2002b).   Based on the Li isotopic composition of eclogites (as low as         
-11‰), Zack et al. (2003) suggested a light isotopic signature could be stored in the mantle, and 
later incorporated in the upwelling plume.  Chan and Frey (2003) reported olivines in Hawaiian 
lavas with a mean δ7Li value of 2.58‰, and whole rocks with δ7Li values near MORB.  These 
authors concluded that the influence of recycled oceanic crust was minor in the petrogenesis of 
the Hawaiian lavas.  Kobayashi et al. (2004) reported inclusions in olivines from Hawaiian lavas 
and noted the low Li isotopic signature of some of these inclusions indicates the introduction of 




Hawaiian volcanoes in the mantle plume.  Nishio et al. (2004) reported clinopyroxene in 
ultramafic xenoliths from Japan and Russia with δ7Li values as low as ~ -17‰.  These authors 
suggested that the metasomatic agent (enriched component) in the mantle had an extremely low 
δ7Li value that is derived from extremely altered subducted basalt.   
 The low δ7Li values of the olivines from the Weltevreden Formation could represent 
pristine mantle.  However, most of the higher δ7Li values of olivines from the Weltevreden are 
similar to values for MORB, although one olivine sample from Gary’s first flow is considerably 
higher than MORB.  This may indicate the Archean mantle was heterogeneous with respect to Li 
isotopic composition.   Low δ7Li values of the olivines could be an indication of 
assimilation of altered ocean crust of the komatiitic liquids.  To assimilate altered ocean crust the 
Weltevreden komatiitic liquids would release heat, and would fractionate due to cooling.  The 
final lava would not be as Mg rich as the Weltevreden komatiites, containing olivines with Fo% 
contents up to 95.6 (Kareem and Byerly, 2001; Chapter 2).   Thus ocean crust assimilation is not 
likely to have occurred in these extremely magnesian lavas.  The light isotopic ratios of these 
rocks could indicate the influence of an ancient dehydrated crustal component.  If the low values 
are sourced from primitive mantle or a recycled component, and the high δ7Li values represent a 
source with higher δ7Li values, such as viscously coupled mantle dragged down with the 
recycled crust, then this indicates the mantle that produced the Weltevreden Formation 
komatiites was heterogeneous with respect to Li isotopes.  It is thought the protocontinental 
blocks that eventually formed the Barberton Greenstone Belt, formed through multiple episodes 
of rifting and subduction (Lowe, 1999).  In fact, felsic magmatism in the Barberton Greenstone 




previous subduction event could have sourced the recycled crust incorporated in the upwelling 
mantle plume.    
Oxygen.  Mafic and ultramafic rocks contain lower δ18O values than felsic rocks (Faure, 1986).   
This is a consequence of 18O being more concentrated in minerals in which Si-O-Si bonds 
prevail, and less concentrated in minerals containing mostly Si-O-Mg bonds (Faure, 1986).     
Thus, fractionation of olivine ± pyroxene would be expected to increase the δ18O values of the 
residual melt (Chiba et al., 1989).   However, isotopic fractionation between silicate liquids and 
crystals is very small at high temperatures (Kyser et al. 1981; Kyser, 1986; Eiler, 2001).  Based 
on identical δ18O values of olivines and pyroxenes obtained in komatiites from Alexo, Canada, 
Lahaye and Arndt (1996) suggested isotopic fractionation coefficients are lower in komatiitic 
liquids than in basaltic liquids.  The Weltevreden komatiites are thought to have erupted at 
1660˚C (Kareem and Byerly, 2001; Chapter 2), therefore isotopic fractionation between crystals 
and melt is probably insignificant.  The δ18O values of these olivines should reflect the 
composition of their source region.  Since all komatiites are altered, the δ18O values of the source 
region can be estimated from analyses of the contained magmatic phases.  These olivines have 
low δ18O values (3.7 to 4.2‰), and even after correcting for the small amount of serpentine 
(~10%), the δ18O of the olivine is only  3.8 to 4.2‰.  The upper limit of these corrected values is 
close to but still lower than δ18O values of komatiitic olivines reported from Australia (Hoefs and 
Binns, 1978).  These are also lower than the average δ18O value typical of the mantle olivines 
(5.2‰ - Mattey et al., 1994).  Eiler (1996) noted that olivines with δ18O values typical of those 
from the upper mantle would be in equilibrium with lavas with an average isotopic composition 
of 5.7‰. Beaty and Taylor (1982) extrapolated to a δ18O value of fresh komatiite (5.7‰), using 




the Munro Township.  Smith et al. (1984) reported enstatite with δ18O values of 6.2‰ from 
komatiites of the Komati Formation.  These authors estimated that the enstatites in the Komati 
Formation komatiites would be in equilibrium with lavas with δ18O values of 5.7‰, using the 
fractionation factor of basalt-pyroxene at 1450°C from Kyser et al. (1981).  This δ18O value 
approximates those predicted for the modern mantle based on modern mantle derived volcanics 
(Ito et al., 1987).  Using this fractionation factor is not appropriate for the Weltevreden 
Formation komatiitic olivines because it was determined for a basaltic system at 1450°C, which 
is significantly lower than the onset of olivine crystallization (~ 1660°C) determined for the 
Weltevreden Formation komatiites (Chapter 2).  At these temperatures of komatiitic liquids, 
fractionation of O isotopes among olivine crystals and melts are not expected to be significant 
(Lahaye and Arndt, 1996). 
The δ18O values of the Weltevreden Formation komatiitic olivines are lower than those 
reported from the typical upper mantle.  Since these olivine separates are up to ~ 90% fresh, the 
relatively low δ18O values can not be attributed to alteration, and they should represent the δ18O 
signature of the source region in the Archean mantle.   As in the Li isotopic system, low δ18O 
values of basaltic rocks have been attributed to their primitive mantle source (Kyser et al., 1982; 
Kyser, 1986; Garcia et al., 1989), assimilation of hydrothermally altered crust, or incorporation 
of recycled crust in their mantle source regions (Eiler et al., 1996; Hemond et al., 1993; 
Skovgaard et al., 2001).    Eiler et al. (1996) noted there is no known process in the mantle that 
causes the low 18O character observed for low δ18O Hawaiian basalts.  Furthermore, Eiler et al. 
(1996) noted there is no significant difference in the δ18O values of olivine in peridotitic 
xenoliths with depleted and fertile lithologies (Mattey et al., 1994).  Thus, the removal of melts 




isotopic compositions of basalts, ultramafic massifs, lunar rocks, ordinary chondrites, and mantle 
nodules suggest there was a primordial reservoir in the mantle with δ18O values of ~ 6.0‰ 
(Garcia et al., 1989) 
 Hawaii and Iceland do have lavas with low δ18O values (Garcia et al., 1989; Hemond et 
al, 1993; Eiler et al., 1996; Skovgaard et al., 2001).  This is attributed to the low δ18O values in 
the source region, or incorporation of recycled crust or assimilation of hydrothermally altered 
crust.  Low δ18O values of Hawaiian olivines have also been attributed to contamination by a low 
δ18O volcanic edifice or a partial melt of a low δ18O hydrothermally altered peridotite in the 
shallow Pacific lithosphere (Wang et al., 2003).  Based on analyses of Hawaiian glasses, Garcia 
et al. (1989) noted low δ18O values could indicate these rocks are derived from a low δ18O 
reservoir in the mantle.   
 Another possibility for low δ18O mantle values is the incorporation of hydrothermally 
altered crust either as an ancient recycled subduction component or assimilation of altered 
oceanic crust.   The O isotopic composition of the ocean is balanced by two processes at mid-
ocean ridge spreading centers:  high temperature alteration which enriches the fluid in 18O and 
depletes the rocks of the lower crust in 18O, and low temperature alteration which depletes the 
fluid in 18O and enriches the rock of the upper crust in 18O (J.-Baptiste, 1997; Lécuyer and 
Allemand, 1999).  On Hawaii low δ18O values could be a consequence of incorporation of young 
(110 Ma) Pacific crust that Hawaiian basaltic lavas passed through on the way to surface or older 
recycled crust that was included in the upwelling plume (Hoffman and White, 1982).  Crustal 
assimilation of Pacific crust by Hawaiian lavas is possible given high temperatures of Hawaiian 
tholeiitic liquids (Eiler et al., 1996).  Low δ18O values of Icelandic quartz tholeiites (Figure 4.6) 




Alternatively, Skovgaard et al. (2001) suggested low δ18O values of highly magnesian Icelandic 
basalt suggest a recycled oceanic lithosphere component.  Eiler et al. (1996) also noted eclogite 
xenoliths with low δ18O values show that portions of the oceanic crust are low in δ18O, as a 
consequence of subduction.  Therefore, Eiler et al. (1996) noted recycled oceanic crust may be 
another possible source for the distinctive 18O depleted nature of Mauna Kea basalts.   
 Although assimilation of oceanic crust is possible given the high eruption temperatures of 
komatiites, this is not a likely mechanism to produce the observed low δ18O values of the 
Weltevreden Formation komatiitic olivines.  The two most likely scenarios to explain the low 
δ7Li and the low δ18O values are that they represent primitive mantle or mantle contaminated by 
recycled crust.  The O isotopic data shows that the olivines are basically homogeneous with 
respect to δ18O.  This may indicate that all the komatiitic lavas of the Weltevreden Formation as 
well as their source regions had values of this range.  These are all lower than other δ18O values 
from mafic and ultramafic lavas (Smith et al., 1984; Mattey et al., 1994).  If they are 
representative of a primitive source region then the Archean mantle was heterogeneous with 
respect to O, as evident in the different δ18O values between the present study and those 
estimated by Smith et al. (1984) for the komatiitic liquids of the Komati Formation (~5.7‰).  
Another possibility is the primordial reservoir may have had a lower δ18O value than previously 
estimated.   The komatiitic liquids of the Weltevreden Formation were homogenous with respect 
to O isotopes, as opposed to the heterogeneous Li isotopes. This difference in the Li and O 
isotopic systems is plausible due to the O system being more robust, due to the much higher 
proportion of O in the mantle, relative to Li.  It would take more contamination to perturb the O 
isotopic composition of the mantle, than it would take to perturb the Li isotopic composition of 




rocks may reflect the lack of sensitivity of O isotopes to indicate the presence of a recycled 
component.  Thus, if the Li and O isotopic composition of the Weltevreden Formation komatiites 
represent Li and O isotopic compositions of the primitive mantle, then the Archean mantle that 
sourced the Weltevreden Formation komatiites had a Li isotopic composition as low as 0.5‰ 
and high as 10.0‰ (Table 4.2), and an O isotopic composition of ~ 3.9‰.  However, if it is 
assumed that both the low δ7Li and δ18O values are a consequence of incorporation of recycled 
ocean crust then this low isotopic signature could be produced by a mixture of reservoirs with 
low δ7Li and a source with higher δ7Li values.  Models to explain this heterogeneity in the 
mantle source regions are described in a later section.  
Behavior of Lithium and Oxygen During Serpentinization 
Temperature of Serpentinization.  The Weltevreden Formation komatiites have δ18O values of 
2.5 to 4.1‰.  The olivine separates have higher δ18O values than the whole rocks.  The whole 
rocks became isotopically lighter as a consequence of serpentinization.  During low temperature 
alteration, 18O is preferentially incorporated in the altered rock, due to the formation of 
secondary phases, which leads to a subsequent decrease of δ18O concentration in the fluid.  In 
contrast, during high temperature alteration (above ~ 250°C), hydrothermal fluids become 
enriched in 18O, relative to seawater (Muehlenbachs and Clayton, 1976; J.-Baptiste, 1997).  
Beaty and Taylor (1982) noted that if the water/rock ratio were small during alteration of the 
Munro komatiites, the fluid would have been very 18O depleted to cause the low δ18O rock 
values.  These authors noted if the water/rock ratio were > 2, then the δ18O value of the fluid 
would have been close 0‰.  The δ18O values of the Weltevreden Formation komatiites may 




fluids and seawater.  The heavy isotope (18O) may have been preferentially leached from these 
rocks, relative to the olivines.   
An alternative explanation for the depleted δ18O value of the rocks is that they reflect 
low-temperature alteration by 18O depleted fluid.  This could occur if the water/rock ratio is low 
and the early formed serpentine has preferentially taken most of the 18O, thereby depleting the 
fluid in this isotope.  Thus, the later formed serpentine would have lower δ18O values.  However, 
this would occur only if this system had a low water/rock ratio without large continuous influxes 
of fresh seawater, and is an unlikely scenario for the Weltevreden Formation komatiites due to 
their submarine origin. 
There is some debate over whether Archean seawater had the same δ18O value as present 
day seawater (~0‰) or whether it had a different composition.  Numerous investigators have 
concluded that the δ18O value of seawater has been consistent since the Archean.  Muehlenbachs 
(1998) concluded that the ancient oceans must have had the same O isotopic composition as the 
modern ocean, if seafloor spreading and tectonic processes were functioning.  Based on 
water/rock calculations of komatiites from Munro Township, Beaty and Taylor (1982) 
determined the hydrothermal fluids that altered these rocks had a δ18O of ~ 0 ± 2‰.  Smith et al. 
(1984) suggested that the similarities in modern and Archean serpentinites suggest that the 
Archean seawater had a δ18O value similar to that of modern seawater.   
The temperatures during the serpentinization of oceanic rocks may occur under a range of 
temperatures.  Decitre et al. (2002) determined serpentinization temperatures (112˚ - 427˚C) of 
serpentinites using O isotopic data and noted these represent mean values throughout the process. 
Wenner and Taylor (1971) noted serpentine-water and chlorite-water have similar fractionation 




Since these komatiites were erupted in a submarine setting, the O isotopic composition of 
the hydration fluid must be either seawater or hydrothermal fluids.   The fractionation of O 
isotopes between serpentine and fluid can be used to determine the temperature of 
serpentinization.  The partially serpentinized cumulate komatiites and the serpentinized cumulate 
komatiites were used to determine temperatures of serpentinization.  The serpentinized cumulate 
komatiites contain ~ 100 % serpentine, so the δ18O values of these rocks represent that of the 
contained serpentine.  However, the partially serpentinized cumulate komatiites are only ~ 70 % 
serpentine. The composition of the serpentine in these rocks was corrected for the non-serpentine 
portion using corrected δ18O values of the olivine from the corresponding whole rocks.  It is 
necessary to make an assumption concerning the composition of the hydration fluids.  Since 
many workers agree that Archean seawater could have had compositions close to that of modern 
seawater, alteration fluids assumed range from δ18O = -1‰ (seawater) to δ18O = 2.0 ‰ 
(hydrothermal fluids).  For temperature determination in their study of serpentinites, Decitre et 
al. (2002) used values ranging from δ18O = 0‰ (seawater) to δ18O = 2.0‰ (hydrothermal fluids). 
For temperature determination of serpentinization in their study, Bonatti et al. (1984) used values 
ranging from δ18O = 0‰ (seawater) to δ18O = 1.6‰ (hydrothermal fluids).  Both these values for 
hydrothermal fluids are consistent with those from modern hydrothermal environments (J.-
Baptiste, 1997).  J.-Baptiste (1997) reported hydrothermal fluids with δ18O values of 0.53 to 2.3 
‰, which indicates that hot hydrothermal fluids can have δ18O values that approach that of 
seawater.  Knauth and Lowe (2003) assumed a δ18O value of -1‰ for seawater to determine the 
temperature of Archean seawater.  Using the O isotopic fractionation between serpentine and 




Weltevreden Formation komatiites range from 142 – 310˚C for fluids with δ18O values ranging 
from -1 to 2‰ (Table 4.4).   
The highest δ18O values observed for whole rocks of the Weltevreden Formation are 
those for the spinifex-textured komatiites (3.8 and 4.0/‰), which may indicate these rocks were 
altered by lower temperature seawater, not hydrothermal fluids.  However, these rocks were not 
used to determine temperatures because they are very heterogeneous, and as such fresh and 
altered proportions were not estimated.  These higher δ18O values may reflect the fact that the 
spinifex-textured  komatiites were exposed to seawater.  The serpentine formed later in the 
cumulate portions result from hotter hydrothermal fluids circulating through the volcanic pile.  
The fluids that altered the rest of the volcanic pile could have been a mixture of hydrothermal 
fluids and seawater.  Beaty and Taylor (1982) noted the top of the flows released heat to the 
overlying seawater, thus the flow top would be expected to have the most extensive alteration 
and the most affected oxygen isotopic compositions, and the unfractured central parts and base 
of the flow would be least altered.  These authors noted the O isotopes were the lowest in the 
flow top of the Munro komatiites, and the least altered part is in the base of the flow.  However, 
in the Weltevreden Formation komatiitic flows the bases of the flows are most altered, as this is 
where the serpentinized cumulate komatiites occur.  And the centers of the flows - the partially 
serpentinized cumulate komatiites - are the least altered.    The spinifex-textured komatiites are 
very altered, but unlike the komatiites from Munro they contain the highest δ18O values, and do 
still contain fresh clinopyroxene ± orthopyroxene.  In fact, the spinifex-textured komatiites have 
δ18O values that are in the range of the fresh olivines, as opposed to the lower δ18O values of the 





Table 4.4.  Results of O isotope geothermometry calculated from relationship of chlorite-water 
from Wenner and Taylor (1971) and estimates of Li isotopic composition of the serpentinization 
fluid. 
 
Sample # δ18O  serp δ18O seawater, T (˚C)  seawater, T (˚C) hydrothermal, T (˚C)  α range fluid comp. 
  (‰)   (‰) (δ18O = -1‰) (δ18O = 0‰) (δ18O = 2‰)   δ7Li (‰) 
KBA 12-6 3.10 2.56 161.4 190.3 271.3 1.005 - 1.009 6.32 - 10.32 
KBA 12-9 2.95 2.95 151.5 178.4 252.5 1.006 - 1.010 12.77 - 16.77 
KBA 12-16 3.35 3.35 142.0 167.1 234.6 1.006 - 1.010 13.94 - 17.94 























at the lowest temperatures, as a consequence of the tops of the komatiitic flows being in contact 
with seawater. 
Incorporation of Li During Serpentinization.  Li is a mobile element during serpentinization.  
If serpentinization of komatiites is analogous to alteration processes in basalts, then these models 
can be used to investigate alteration of komatiites of the Weltevreden Formation.  Chan et al. 
(1992) noted the Li that occurs in basalts is a consequence of a two-component system of 
magmatic Li and Li derived from the hydration fluid that is incorporated in alteration products.      
The Li contents of the spinifex-textured komatiites are all high relative to the other whole 
rocks.  Li incorporated in serpentine is suggested to be is derived from fresh rocks (Decitre et al., 
2002).  However, the Li contents of the spinifex-textured komatiites are far too high to be 
accounted for by primary chemistry.  An explanation is that this increased Li concentration is 
related to the secondary alteration assemblage.  In contrast to the cumulate layers, the spinifex-
textured layers contain tremolite and chlorite (Chapter 3).  These two minerals may incorporate 
more Li into their crystal structures than serpentine.  This may be coupled with the fact that the 
spinifex-textured komatiites have the highest δ18O values, and therefore may have been altered at 
lower temperatures than the other rocks.  More Li may have been incorporated into their 
alteration products during this slightly lower temperature alteration. 
Although the serpentinized cumulate komatiites contain almost all serpentine, with minor 
amounts of magnetite, their textures suggest they originally had a primary mineralogy similar to 
the partially serpentinized cumulate komatiites. Thus, comparing the Li content in the variably 
serpentinized cumulate layers illustrates that Li has apparently been added during the 
serpentinization process.  However, the serpentinized cumulate komatiite KBA 12-9 from 




flow.  This is a consequence of the cumulate komatiites from Keena’s flows originally having 
lower Li concentrations than those of Gary’s flows.  The fact that the serpentinized cumulate 
komatiites of Keena’s First and Second flow have higher Li than those of the corresponding 
partially serpentinized cumulate komatiites from Keena’s first flow indicates that Li has been 
added to the whole rocks, incorporated in alteration products during serpentinization.  These 
findings are in agreement with studies illustrating that at low temperatures (<150°C) Li is 
removed from fluid and incorporated into alteration products (Seyfried et al., 1984; Chan and 
Edmond, 1988).  Alternatively, at higher temperatures (>200°C - i.e hydrothermal alteration) 
seawater extracts Li from basalt (Chan et al., 1992).  However, total Li extraction is not 
accomplished during hydrothermal alteration, as some is retained in alteration phases (Chan and 
Edmond, 1988).  
Lithium Isotopic Composition of Hydration Fluids.  The Li isotopic composition of 
komatiites from the Weltevreden Formation can assist in determining the nature of the alteration 
fluids.  At low temperatures, Li (preferentially the 6Li) is removed from seawater and 
incorporated into secondary alteration phases (Chan and Edmond, 1988).   This leads to fluids 
such as seawater being isotopically heavy.   
The Li isotopic composition of the serpentinizing fluid that altered the Weltevreden 
Formation komatiites can be estimated from the fractionation factors (α) between serpentine-
fluid, the temperature of serpentinization, and the Li isotopic composition of the serpentine.  The 
fractionation factors were calculated using the empirical relationship determined by Chan et al. 
(1992; 1993), which is restated as an equation in James et al. (1999).  The equation for α is:   




where t is temperature (˚C) (Table 4.4).  This empirical relationship developed by Chan et al. 
(1992; 1993), was based on the isotopic fractionation between altered basalt and fluid.  The 
calculated δ7Li values for the serpentinizing fluid range from 6.32 to 17.94‰ for the fluids that 
altered the Weltevreden Formation komatiites (Table 4.4).  These were calculated assuming 
fluids with a range of δ18O values as discussed in the previous section.  These values fall 
between those of hydrothermal fluids (Chan et al., 1993; Foustoukos et al., 2004) and seawater 
(Chan and Edmond, 1988).  The heterogeneity of the calculated values for the alteration fluid 
indicates the serpentinizing fluids were heterogeneous and the Li concentrations and Li isotopic 
compositions of these altered rocks do not simply result from two-component mixing.  This is 
probably a consequence of the Li isotopic evolution of the alteration fluids and possible influxes 
of fresh seawater into hydrothermal fluids, and decreases in temperatures during 
serpentinization.   
Decitre et al. (2002) used a Rayleigh distillation model to explain the compositions of the 
serpentinizing fluids.  In this model the serpentinizing fluid evolves to heavier Li isotopic 
compositions during the serpentinization process.  Since the Weltevreden Formation komatiitic 
lavas were erupted in submarine settings, the alteration fluids were derived from seawater, which 
is depleted in Li (0.18 ppm) in particular 6Li (δ7Li of seawater = 32.3‰) (You and Chan, 1996).  
Assuming a similar process as in Decitre et al. (2002), as the seawater circulates through cracks 
of the komatiites, the seawater heats up due to the heat released from the hot komatiitic lavas 
extruded at ~1660°C (Kareem and Byerly, 2001; Chapter 2).  This heated water leaches Li from 
the rock and adopts the Li signature of the fresh komatiite.   The serpentine in the Weltevreden 
Formation komatiites is enriched in Li, which indicates hydrothermal fluids was the alteration 




from the komatiites. As the fresh minerals alter to serpentine, the fluid becomes isotopically 
heavier as a consequence of the preferential incorporation of 6Li into the serpentine (Decitre et 
al., 2002).  This early formed serpentine would be enriched in 6Li.  However, serpentine formed 
later in the serpentinization process by a more evolved fluid, would have higher δ7Li, due to the 
previous uptake of 6Li.  The heavier Li isotopic values of the serpentinized cumulate komatiites 
indicate that as a consequence of hydration, the fresh cumulate komatiites of the Weltevreden 
Formation become isotopically heavier through the conversion of this rock to 100% serpentine.  
These totally altered rocks occur at the base of flows and have higher Li isotopic ratios than the 
partially serpentinized cumulate komatiites, which agrees with the findings of Decitre et al. 
(2002).  These higher δ7Li values occur at the base of flows because the alteration fluids evolved 
to heavier isotopic compositions on the path downwards through the volcanic pile.  Fluids that 
were isotopically heavy expelled from the top of a komatiitic flow may also have contributed to 
the serpentinization of rocks at the base of the overlying flow, as observed.   
It is possible that these serpentines did not form in pure hydrothermal fluids, but in a 
mixture of hydrothermal fluids and seawater.  In fact, the calculated δ7Li values for the 
serpentinizing fluids (Table 4.4) are between seawater and present day hydrothermal fluids.   
The Rayleigh distillation model explains the range of isotopic compositions of the 
cumulate komatiites.  However, one problem with this model is the Li concentration of an 
evolved fluid would expected to be decreased, due to previous uptake of Li into early formed 
serpentine.  This evolved fluid will produce serpentine with lower Li concentrations.  This is not 
observed in the Weltevreden Formation serpentinized cumulate komatiites (Table 4.2); in 
general, they have higher Li concentrations than the partially serpentinized cumulate komatiites.  




concentrations and Li isotopic compositions of the komatiites may represent averages of 
serpentines formed under a range of temperatures and water/rock ratios.  In addition, the 
variation in the estimated fluid compositions (Table 4.4) indicates these komatiites may have 
interacted with fluids exhibiting a range of compositions. 
Model  – Recycled Crust and Viscously Coupled Hydrated Mantle 
The range of δ7Li values from 0.5 to 10‰ (Table 4.2) of the olivines from the 
Weltevreden Formation suggests that the Archean mantle was heterogeneous, containing 
reservoirs with distinct isotopic values.  If these lavas and their source regions had homogeneous 
Li δ7Li values, and since there is no fractionation of Li isotopes at magmatic temperatures, all 
olivines should display similar δ7Li values . However, this is not what is observed.  A model is 
presented to describe the heterogeneity of the Li concentrations, Li isotopic compositions and 
low O isotopic compositions of the Weltevreden Formation komatiitic olivines.  The Li isotopic 
system was used for this modeling as it is the system that is most affected by the mixing of 
reservoirs.  Figure 4.7 is a schematic of these reservoirs.  In this model the low δ7Li values 
reflect incorporation of dehydrated recycled crust (reservoir 2), and higher δ7Li values may 
reflect the composition of the hydrated mantle (reservoir 3), which is viscously coupled to the 
downgoing slab. These fluids could have added more Li and therefore higher δ7Li values to the 
mantle as a consequence of metasomatism.  Elliot et al. (2004) proposed that the enriched mantle 
with higher Li concentrations and higher δ7Li values is viscously coupled with low dehydrated 
recycled crust which has lower δ7Li values and a lower Li concentration as it descends.   Chan 
and Frey (2003) attributed higher δ7Li values of basalts as an indication of incorporation of 
recycled crust enriched in Li and δ7Li.   Increased Li and relatively high δ7Li of arc lavas has 




In this model, melting would occur in the mantle to produce very magnesian lavas of the 
Weltevreden Formation.  Their sources had low Li concentrations and low Li isotopic 
compositions due to incorporation of a dehydrated slab.  These sources are reflected in the 
chemistry of the olivines with low Li concentrations and lower δ7Li values.  However, the 
upwelling plume incorporated some metasomatized mantle that is adjacent to the slab with 
higher Li concentrations and higher Li isotopic compositions during its ascent.  The chemistry of 
these lavas is reflected in the chemistry of the olivines with higher Li concentrations and higher 
Li isotopic compositions.  Figure 4.8 illustrates this model of mixing a low Li isotopic recycled 
crust component (reservoir 2, Li = 2 ppm, δ7Li = 0‰) with a hydrated component (reservoir 3, 
Li = 17 ppm, δ7Li = 6.0‰).  For reservoir 2, the Li concentration chosen is in the range of those 
reported for lower altered ocean crust and the δ7Li value is close to that of oceanic crust altered 
at high temperatures (Chan et al., 2002b).  For reservoir 3, the Li content chosen is an average of 
oceanic crust altered at low-temperatures and the δ7Li value chosen is in the range of altered 
basalts (Chan et al., 1992; Chan et al., 2002b).  The Li contents used for the Weltevreden 
Formation source region are from Table 4.3, assuming F = 0.5.  This mixing model is illustrated 
in Figure 4.8.  As a consequence of these variations of mixing of different sources, the lavas of 
the Weltevreden Formation were heterogeneous with respect to Li isotopes.  This model suggests 
that there was a reservoir with low Li concentration and Li isotopic composition derived from 
recycled crust, and a reservoir with higher Li concentrations and higher Li isotopic composition 
derived from the viscously couple hydrated mantle.   
The model presented above may explain the increased Li concentrations in the olivines 
from Gary’s flows, as well as the elevated Li concentrations determined for their source regions.  
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Figure 4.7.  Cartoon of the two models discussed to explain the isotopic variation observed in the 
olivines of the Weltevreden Formation.  Some aspects of cartoon modified after Elliot et al. 
(2004).  Reservoir numbers in parentheses.  Values for reservoir 1:  Ryan and Langmuir, 1987; 
Garcia et al., 1989; Moriguti and Nakamura, 1988; Eiler, 2001; Chan and Frey, 2003; Palme and 
O'Neil, 2003;  Ottolini et al., 2004.  Values for reservoirs 2 and 3:  Gregory and Taylor, 1981; 





















Figure 4.8.  Graph of 1/Li vs. δ7Li (‰) for calculated Weltevreden Formation source regions 
(Welt. source)  in equilibrium with observed olivine compositions and mixtures (mixing model) 
of recycled crust reservoir (2) with viscously coupled hydrated mantle reservoir (3). f = fraction 
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the primitive mantle.  Most of the variation in the Li isotopic variation observed in the 
Weltevreden Formation komatiitic olivines results from a mixture of ~ 0 to 40% of hydrated 
viscously coupled mantle (reservoir 3) with that of recycled oceanic crust (reservoir 2).  This 
model is consistent with the O isotopic data, as the δ18O values of the olivines are between the 
lower limits of the δ18O values of reservoirs 2 and 3.   
The reservoir not included in the calculations of this model represents the primitive 
mantle. The heterogeneous Li isotopic compositions of the komatiitic olivines of the 
Weltevreden Formation leave the Li isotopic compositions of the primitive mantle 
unconstrained.  The komatiites of the Weltevreden Formation have approximately primitive 
mantle values of heavy rare earth elements and interelement ratios, which suggests they originate 
by high degrees of partial melting of a mantle close to the primitive mantle (Chapter 2).  The two 
Weltevreden Formation mantle sources not represented by the binary mixing model (Figure 4.8) 
may have been produced by mixing of all three reservoirs:  the primitive mantle, recycled crust, 
and a hydrated viscously coupled mantle with a Li isotopic composition as high as ~10‰.  
Regardless of whether the primitive mantle is used in the mixing calculations, both explanations 
suggest the Archean mantle had its Li isotopic composition changed by incorporation of 
subducted crust. 
CONCLUSIONS 
The Li concentrations, and Li and O isotopic compositions were determined for olivines 
and whole rocks from the Weltevreden Formation, Barberton Greenstone Belt.  The objectives 
were to understand the Archean mantle source compositions and the serpentinization processes 
of these lavas.  Analyses of the olivine separates yield Li contents in the range of olivines from 




isotopic composition of 10.0‰ is considerably higher than MORB.  O isotopic compositions 
range from 3.7 to 4.1‰, lower than those of typical mantle derived olivines and whole rocks.   
Based on the O isotopic data, the temperatures of serpentinization range from 142 to 
310˚C.  These temperatures are lower than the temperatures of alteration thus far proposed for 
other komatiites in the Barberton Greenstone Belt.  The Li isotopic compositions of the alteration 
fluids indicate they are between hydrothermal fluids and seawater; likely a mixture of these two 
fluids.  The Li isotopic compositions of the rocks suggest the rocks evolve to heavier Li isotopic 
values as a consequence of serpentinization.  
The variation observed in the Li isotopic compositions of the olivines and low O isotopic 
compositions of the olivines suggest that these lavas were not derived from one homogeneous 
mantle reservoir.  Such variations could be a consequence of mixtures of melts from different 
reservoirs with distinctive Li and O isotopic signatures.  Low Li and O isotopic values of 
magmatic minerals and fresh lavas have previously been attributed to primitive mantle, 
assimilation of altered oceanic crust, or incorporation of subducted ocean crust into the source.  
For the Weltevreden Formation komatiites, one possible explanation for the observed variation is 
that these lavas are produced by a mixture of dehydrated recycled crust that has a low Li isotopic 
composition and hydrated mantle that is viscously coupled to the descending slab that has a 
higher Li isotopic composition.  This model adequately explains most of the observed variation 
in Li compositions, Li isotopic compositions, as well as O isotopic compositions of the olivines.  
An alternative explanation is that these chemical heterogeneities represent mixtures of the 
primitive mantle, recycled crust, and hydrated mantle.  Either explanation requires incorporation 
of subducted crust to explain observed heterogeneities in the Li isotopic compositions of the 




implications for the Archean mantle.  It was heterogeneous; composed of reservoirs with distinct 
isotopic characteristics resulting from the incorporation of subducted components into the 
Archean mantle.    
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CHAPTER 5.  CONCLUSIONS 
The komatiites of the Weltevreden Formation represent extremely fresh lava flows 
erupted during the Archean.  Petrographic analyses show that these rocks have retained their 
original igneous textures.  Geochemical data illustrate that these rocks also retain their igneous 
chemistry; nearly all immobile elements fall on well defined olivine control lines.  These 
observations corroborate observed olivine compositions that have Fo contents up to 95.6.  These 
lavas formed by high degrees of melting and erupted at very high temperatures.  A crystallization 
model determined by MELTS indicates that olivine crystallized first, followed by chromite, 
orthopyroxene, and clinopyroxene.  The crystallization sequence is in agreement with the 
petrography of these rocks, suggesting olivine was the liquidus phase in these rocks and that 
chromite and pyroxene crystallized in the interstitial trapped liquid.  The crystallization model is 
consistent with the geochemistry of these rocks, indicating that olivine crystallization was the 
only control on the chemistry observed in these lava flows.  Liquidus temperatures calculated 
from MELTS and a thermometer based on the MgO content of the whole rocks suggest these 
lavas erupted at temperatures of at least 1660˚C.  This estimated temperature is higher than those 
reported for komatiites from other greenstone belts.  The eruption temperature determined 
provides new constraints for the temperature of komatiitic liquids, and indicates the Archean 
mantle produced komatiites that erupted at temperatures higher than previously thought.   
The komatiites of the Weltevreden Formation erupted onto the Archean seafloor where 
they experienced hydration and metamorphism.  The petrography and geochemistry of the 
alteration assemblages of these rocks can be used to infer the degree of alteration and the nature 
of alteration fluids.  Petrographic and x-ray diffraction analyses indicate that the komatiites of 




amphibole, and magnetite, which are common alteration products of ultramafic rocks altered at 
low temperatures.  Electron microprobe analyses indicate the serpentines contain significant 
amounts of FeO and Al2O3, as a consequence of extensive substitutions in the octahedral and 
tetrahedral layers.  Adjacent host minerals altered to serpentine show a large variation in 
chemistry, indicating that they did not reach local chemical equilibrium.  The MgO content of 
the bulk rock is the dominant control on the chemistry of the serpentine, as it directly influences 
the chemistry of the contained precursor minerals.  During the low temperature serpentinization 
these rocks experienced, microenvironments developed based on the host mineral, which also 
influenced the chemistry of the serpentines.  SiO2, Al2O3, and Cr2O3 were influenced by these 
microenvironments, whereas MgO and FeO were directly controlled by the chemistry of the bulk 
rocks.  This is in agreement with the textures of these rocks which indicate they have not fully 
reequilibrated, consistent with the persistence of fresh magmatic phases.  The presence of 
hydrous alteration phases suggests that H2O-rich fluids altered these rocks, consistent with the 
submarine eruption of these rocks.  The absence of secondary carbonate minerals indicate these 
rocks were not affected by a later alteration event of CO2 metasomatism or carbonatization.  The 
textures and the chemistry of these alteration products indicate they were produced at a relatively 
low-grade of metamorphism (subgreenschist facies); a lower grade of metamorphism than 
previously suggested for any rocks of the Barberton Greenstone Belt.   
The chemistry of the Archean mantle and the nature of serpentinization can be 
determined by analyses of stable isotopic compositions of komatiites.  In this study, the Li 
concentration, Li isotopic composition, and O isotopic composition were determined for olivine 
separates and whole rocks to infer the Li concentrations and Li and O isotopic composition of the 




3.77 ppm, comparable of those from other ultramafic rocks.  The Li isotopic compositions of 
these olivines range from light values (0.5‰) to heavier values (10.0‰), considerably higher 
than Li isotopic compositions of mid-ocean ridge basalts.  The O isotopic compositions of these 
olivines range from 3.8 to 4.2‰, all lower than those of mantle-derived olivines and unaltered 
rocks.  The O isotopic compositions of the olivines are more homogeneous than the Li isotopic 
compositions.  The variation in Li isotopic compositions of the olivines and the low O isotopic 
compositions suggest these rocks may have been produced from a mantle that had a dehydrated 
recycled component and a component that contained heavier Li isotopic compositions, such as a 
hydrated viscously coupled mantle subducted with the descending slab.  An alternative 
explanation is mixing of the primitive mantle, dehydrated crust, and hydrated viscously coupled 
mantle.  These results have implications for the Archean mantle, indicating the Archean mantle 
was heterogeneous with respect to Li and O isotopes, containing reservoirs with distinct isotopic 
characteristics as a result of subducted crust. 
The Li concentrations and the Li and O isotopic compositions of the altered whole rocks 
of the Weltevreden Formation were used to constrain the temperature of serpentinization and the 
nature of hydrothermal fluids.  The Li concentrations of the whole rocks range from 1.96 to 
22.40 ppm, suggesting Li was incorporated into serpentine during low-temperature alteration.  
The Li and O isotopic compositions of these rocks range from 1.32 to 7.9‰ and from 2.5 to 
4.1‰, respectively.  The Li and O isotopic compositions of the whole rocks indicate these rocks 
were altered by hydrothermal fluids derived from seawater or a mixture of these two fluids.  The 
O isotopic compositions of these rocks were used to determine the temperature of 
serpentinization, using the fractionation of O isotopes between serpentine and water.  The 




for the alteration fluids.  This is consistent with the petrographical and geochemical aspects of 
the alteration products of these rocks, indicating these rocks were altered at a lower grade of 




APPENDIX A:  STATISTICS 
 
Table A.1.  Mean, standard deviations, and lower limits of detection for oxides analyzed by electron microprobe. 
 
  San Carlos Olivine Kakanui Augite Kakanui Hornblende Smithsonian Chromite Average lower limit of detection   
  Mean (42) Std dev Mean (13) Std dev Mean (11) Std dev Mean (25) Std dev olivine (125) chromite (256) pyroxene (458) 
SiO2 40.58 0.43 49.48 0.31 39.69 0.42 0.08 0.10 0.021 0.007 0.015 
Al2O3 0.05 0.03 8.65 0.15 14.98 0.22 9.88 0.10 0.010 0.012 0.013 
FeO 9.53 0.20 6.46 0.12 10.77 0.29 13.37 0.25 0.070 0.059 0.051 
MgO 49.27 0.35 16.59 0.12 12.83 0.13 15.23 0.13 0.047 0.019 0.022 
CaO 0.09 0.01 16.07 0.49 10.06 0.34 0.01 0.01 0.018 0.005 0.019 
Na2O 0.01 0.02 1.36 0.05 2.64 0.07 0.03 0.03 0.012 0.002 0.010 
K2O 0.01 0.01 0.01 0.01 1.85 0.17 0.02 0.03 0.005 0.001 0.004 
TiO2 0.01 0.01 0.80 0.04 4.65 0.13 0.12 0.02 0.006 0.010 0.009 
MnO 0.12 0.05 0.14 0.02 0.09 0.04 0.04 0.05 0.015 0.014 0.020 
NiO 0.37 0.07 0.04 0.02 0.02 0.02 0.21 0.14 0.028 0.012 0.011 
Cr2O3 0.02 0.03 0.14 0.05 0.01 0.02 60.79 1.34 0.028 0.071 0.029 



































 PCC-1   BHVO-1  UBN  JP-1   AGV-1   DTS-1   BIR-1   
wt.% Mean(6) Stdev Mean(6) Stdev Mean(6) Stdev Mean(6) Stdev Mean(3) Stdev Mean(6) Stdev Mean(6) Stdev 
SiO2 40.900 0.179 48.633 0.378 37.133 0.393 41.517 0.366 56.433 0.231 38.967 0.151 47.167 0.294 
Al2O3 0.623 0.006 13.083 0.075 2.707 0.023 0.635 0.005 15.867 0.058 0.196 0.006 15.200 0.110 
FeO 7.210 0.021 10.717 0.075 7.175 0.210 7.243 0.041 5.763 0.031 7.643 0.043 10.047 0.059 
MgO 43.067 0.082 7.112 0.044 34.117 0.194 44.267 0.197 1.473 0.012 49.567 0.250 9.698 0.089 
CaO 0.529 0.004 11.033 0.082 1.133 0.014 0.509 0.006 4.620 0.036 0.156 0.011 13.083 0.075 
Na2O 0.021 0.001 2.138 0.017 0.119 0.001 0.024 0.001 3.913 0.012 0.031 0.001 1.748 0.013 
K2O 0.001 0.001 0.792 0.041 0.014 0.001 0.004a * 4.123 0.021 * * 0.030 0.001 
TiO2 0.005 0.001 2.728 0.017 0.094 0.001 0.004 0.000 1.013 0.006 0.006 0.000 0.951 0.006 
MnO 0.113 0.001 0.166 0.001 0.118 0.001 0.115 0.001 0.604 0.889 0.119 0.001 0.170 0.002 
                          
ppm                          
Ba 1.355 0.039 161.167 1.941 31.700 0.341 11.700 0.110 1453.333 11.547 2.650 0.065 7.854 0.111 
Sc  8.107 0.067 32.317 0.204 12.633 0.121 7.165 0.069 12.100 0.000 3.270 0.035 44.320 0.432 
Co 97.200 7.785 59.900 0.651 85.567 0.726 97.433 0.954 20.333 0.416 110.333 1.506 51.240 0.456 
Cr 2583.333 23.381 274.000 3.162 2315.000 26.646 2788.333 31.885 14.633 0.058 4056.667 49.666 379.000 4.062 
Ni 2426.667 21.602 139.500 1.517 2041.667 22.286 2510.000 30.984 49.000 0.854 2401.667 31.885 205.800 1.304 
Sr 0.483 0.032 400.500 3.619 7.893 0.057 0.788 0.020 663.000 5.196 0.750 0.041 109.400 0.894 
V 24.967 0.308 319.333 2.338 56.000 0.663 18.317 0.214 120.333 0.577 4.390 0.289 316.600 2.608 
Y * * 26.250 0.197 2.497 0.039 * * 20.367 0.058 * * 16.060 0.114 





































 BCR-P    GSP-1   
wt.% Mean (7) Std Dev LOD (15) Mean (7) Std Dev LOD (15) 
SiO2 55.16 0.030 0.158 68.27 0.040 0.092 
Al2O3 13.62 0.020 0.031 15.33 0.020 0.046 
FeO 12.73 0.020 0.069 3.86 0.000 0.025 
MgO 3.52 0.050 0.044 1.06 0.060 0.028 
CaO 6.99 0.020 0.030 2.02 0.010 0.012 
Na2O 3.38 0.050 0.029 2.88 0.020 0.041 
K2O 1.74 0.000 0.014 5.58 0.010 0.037 
TiO2 2.29 0.009 0.016 0.66 0.004 0.007 
MnO 0.18 0.001 0.001 0.04 0.001 0.001 
P2O5   0.38 0.001 0.007 0.29 0.002 0.005 
          
ppm          
Ba 745.00 11.00 14.00 1296.00 9.00 16.62 
Sc  26.00 2.00 5.24 7.00 2.00 3.84 
Co          
Cr 28.00 1.00 7.74 15.00 1.00 3.94 
Ni 0.00 0.00 2.93 17.00 1.00 2.91 
Sr 326.00 0.00 1.98 233.00 0.00 2.58 
V 401.00 7.00 13.98 54.00 5.00 10.73 
Y 36.00 0.00 1.19 30.00 0.00 1.83 
Zr 176.00 1.00 2.20 527.00 2.00 2.25 
 Rb 46.00 0.00 1.49 253.00 1.00 2.60 
 Nb 13.20 0.60 1.05 27.50 0.50 0.87 
 Ga 23.00 1.00 3.66 22.00 1.00 2.47 
 Cu 12.00 2.00 3.07 32.00 1.00 4.40 
 Zn 124.00 2.00 5.59 106.00 2.00 3.20 






Table A.4.  Mean and standard deviations of ICP-MS results for internal standards.  LOD = limit of detection 
  BCR-P   TED    
ppm Mean (50) Std dev Mean (62) Std dev LOD  
La 26.260 0.488 4.250 0.096 0.007 
Ce  51.666 0.620 9.868 0.140 0.012 
Pr 6.315 0.062 1.579 0.030 0.009 
Nd 27.363 0.480 8.197 0.121 0.045 
Sm 7.034 0.145 2.995 0.059 0.014 
Eu  2.139 0.041 1.171 0.024 0.010 
Gd  6.746 0.076 3.987 0.060 0.026 
Tb  1.173 0.013 0.746 0.014 0.007 
Dy  7.137 0.095 5.026 0.070 0.024 
Ho  1.436 0.022 1.097 0.015 0.006 
Er  4.046 0.055 3.117 0.050 0.021 
Tm 0.547 0.007 0.456 0.008 0.006 
Yb  3.357 0.031 2.892 0.034 0.023 





















Table A.5.  ICP-MS results of rock standards analyzed as unknowns.   WSU = analyses, Ref = reference value from  
 
  BCR-1  W-2  G-2  DNC-1 AGV-1  GS-N  BIR-1 BHVO-1  RGM-1 
ppm basalt diabase granite diabase andesite granite  basalt basalt rhyolite 
La 25.859 10.502 89.221 3.885 40.210 72.837 0.894 15.654 24.083 
Ce  53.048 22.210 159.637 8.081 70.733 132.085 2.036 37.069 46.369 
Pr 7.050 3.010 16.949 1.195 8.948 14.943 0.449 5.522 5.471 
Nd 28.872 12.650 53.628 5.080 32.851 49.985 2.473 25.281 19.775 
Sm 6.862 3.265 7.284 1.469 5.908 7.368 1.134 6.196 4.065 
Eu  1.997 1.092 1.371 0.620 1.623 1.606 0.546 2.119 0.632 
Gd  6.902 3.704 4.003 2.086 5.015 4.779 1.950 6.272 3.856 
Tb  1.086 0.628 0.479 0.413 0.681 0.611 0.377 0.961 0.636 
Dy  6.340 3.659 2.149 2.715 3.515 3.107 2.538 5.191 3.633 
Ho  1.259 0.736 0.349 0.602 0.652 0.547 0.542 0.929 0.727 
Er  3.616 2.122 0.814 1.899 1.751 1.455 1.606 2.408 2.177 
Tm 0.531 0.322 0.121 0.298 0.262 0.222 0.250 0.339 0.375 
Yb  3.327 2.002 0.747 1.961 1.687 1.465 1.661 2.022 2.516 




















Table A.5 cont. 
 
  QLO-1 GA AN-G FK-N  MA-N  JG-1a JG-3  JB-3 
ppm  quatz latite granite anorthosite K-feldspar granite granodiorite granodiorite basalt 
La 26.978 42.440 2.426 1.071 0.557 21.083 20.834 8.629 
Ce  50.457 79.398 4.579 1.254 1.092 43.486 41.312 20.976 
Pr 6.194 8.789 0.672 0.123 0.126 5.236 4.744 3.301 
Nd 23.540 29.788 2.514 0.396 0.493 19.634 16.875 15.443 
Sm 4.653 5.281 0.732 0.071 0.105 4.458 3.290 4.265 
Eu  1.304 1.087 0.363 0.436 0.025 0.700 0.845 1.312 
Gd  4.333 4.094 1.039 0.092 0.096 4.404 2.997 4.657 
Tb  0.670 0.628 0.190 0.016 0.017 0.756 0.449 0.754 
Dy  3.894 3.418 1.227 0.089 0.093 4.658 2.575 4.260 
Ho  0.769 0.651 0.259 0.016 0.019 0.936 0.511 0.866 
Er  2.277 1.895 0.756 0.050 0.014 2.755 1.500 2.576 
Tm 0.358 0.312 0.123 0.009 0.005 0.447 0.251 0.387 
Yb  2.415 2.033 0.802 0.064 0.036 2.980 1.663 2.425 




















APPENDIX B.  MELTS RESULTS AND CIPW NORM 
 
Table B1.  MELTS results for Model 1 - olivine 
 
  1660 1650 1640 1630 1620 1610 1600 1590 1580 1570 1560 1550 
SiO2 41.93 41.89 41.86 41.83 41.79 41.76 41.72 41.69 41.65 41.62 41.58 41.54 
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 3.60 3.76 3.92 4.09 4.26 4.43 4.61 4.79 4.97 5.16 5.36 5.56 
MgO 53.89 53.75 53.60 53.46 53.31 53.16 53.00 52.85 52.69 52.52 52.36 52.18 
CaO 0.12 0.13 0.13 0.14 0.15 0.15 0.16 0.16 0.17 0.17 0.18 0.18 
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.07 0.08 0.08 0.08 0.09 0.09 0.10 0.10 0.10 0.11 0.11 0.11 
NiO 0.38 0.39 0.40 0.40 0.41 0.41 0.42 0.42 0.42 0.42 0.42 0.42 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
              
Si 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.072 0.075 0.078 0.082 0.085 0.089 0.092 0.096 0.100 0.104 0.108 0.112 
Mg 1.916 1.913 1.909 1.905 1.901 1.898 1.894 1.890 1.886 1.882 1.877 1.873 
Ca 0.003 0.003 0.003 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.005 0.005 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 
Ni 0.007 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 





Table B.1. cont. 
 
  1540 1530 1520 1510 1500 1490 1480 1470 1460 1450 1440 1430 
SiO2 41.50 41.46 41.42 41.37 41.33 41.28 41.24 41.19 41.14 41.09 41.04 40.99 
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 5.77 5.98 6.20 6.42 6.65 6.88 7.12 7.37 7.62 7.88 8.15 8.43 
MgO 52.01 51.83 51.65 51.46 51.27 51.07 50.87 50.66 50.45 50.24 50.02 49.79 
CaO 0.19 0.20 0.20 0.21 0.21 0.22 0.22 0.23 0.24 0.24 0.25 0.26 
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.12 0.12 0.12 0.13 0.13 0.14 0.14 0.15 0.15 0.15 0.16 0.16 
NiO 0.42 0.42 0.42 0.42 0.41 0.41 0.41 0.40 0.39 0.39 0.38 0.37 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
              
Si 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.116 0.121 0.125 0.130 0.134 0.139 0.144 0.150 0.155 0.160 0.166 0.172 
Mg 1.868 1.864 1.859 1.854 1.849 1.844 1.839 1.834 1.828 1.823 1.817 1.811 
Ca 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.006 0.006 0.006 0.006 0.007 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.002 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 
Ni 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.007 0.007 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 







Table B.1 cont. 
 
  1420 1410 1400 1390 1380 1370 1360 1350 1340 1330 1320 1310 
SiO2 40.94 40.89 40.83 40.77 40.71 40.65 40.59 40.52 40.46 40.39 40.32 40.39 
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 8.71 9.00 9.30 9.61 9.93 10.25 10.59 10.93 11.29 11.66 12.04 11.66 
MgO 49.56 49.32 49.07 48.82 48.56 48.30 48.02 47.74 47.45 47.15 46.83 47.15 
CaO 0.26 0.27 0.28 0.28 0.29 0.30 0.30 0.31 0.32 0.32 0.33 0.32 
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.17 0.17 0.18 0.18 0.19 0.19 0.20 0.20 0.21 0.21 0.22 0.21 
NiO 0.36 0.36 0.35 0.34 0.33 0.32 0.31 0.29 0.28 0.27 0.26 0.27 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
              
Si 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.178 0.184 0.190 0.197 0.204 0.211 0.218 0.226 0.233 0.241 0.250 0.241 
Mg 1.805 1.798 1.792 1.785 1.778 1.771 1.764 1.756 1.748 1.740 1.732 1.740 
Ca 0.007 0.007 0.007 0.007 0.008 0.008 0.008 0.008 0.008 0.009 0.009 0.009 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.003 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.005 0.004 
Ni 0.007 0.007 0.007 0.007 0.006 0.006 0.006 0.006 0.006 0.005 0.005 0.005 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 







Table B.2.  MELTS results for Model 1 - pyroxene. 
 
  opx opx opx opx opx opx opx opx opx opx pig 
  1310 1300 1290 1280 1270 1260 1250 1240 1230 1220 1210 
SiO2 56.52 56.41 56.29 56.16 56.04 55.91 55.78 55.64 55.50 55.35 53.95 
Al2O3 1.32 1.36 1.39 1.43 1.46 1.50 1.53 1.56 1.59 1.62 2.31 
FeO 8.27 8.56 8.85 9.15 9.47 9.79 10.12 10.46 10.81 11.17 12.55 
MgO 32.69 32.39 32.08 31.76 31.43 31.07 30.70 30.31 29.90 29.46 25.60 
CaO 1.15 1.23 1.33 1.43 1.54 1.67 1.81 1.96 2.13 2.33 5.49 
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.95 99.95 99.95 99.95 99.95 99.95 99.95 99.95 99.95 99.94 99.92 
            
Si 1.969 1.968 1.967 1.966 1.965 1.964 1.963 1.963 1.962 1.961 1.944 
Al 0.031 0.032 0.033 0.034 0.035 0.036 0.037 0.037 0.038 0.039 0.056 
Σ tetra 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Al 0.023 0.024 0.024 0.025 0.026 0.026 0.027 0.028 0.028 0.029 0.042 
Fe2+ 0.241 0.250 0.259 0.268 0.278 0.288 0.298 0.309 0.320 0.331 0.378 
Mg 1.697 1.685 1.671 1.658 1.643 1.628 1.611 1.594 1.576 1.556 1.375 
Ca 0.043 0.046 0.050 0.054 0.058 0.063 0.068 0.074 0.081 0.088 0.212 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
             
Mg # 87.6 87.1 86.6 86.1 85.5 85.0 84.4 83.8 83.1 82.5 78.4 
Wo 0.022 0.023 0.025 0.027 0.029 0.032 0.034 0.037 0.041 0.045 0.108 
En 0.857 0.851 0.844 0.838 0.830 0.823 0.815 0.806 0.797 0.788 0.700 






Table B.2 cont. 
 
  pig pig pig pig pig pig aug aug aug aug aug 
  1200 1190 1180 1170 1160 1150 1190 1180 1170 1160 1150 
SiO2 53.55 53.10 52.73 52.36 52.01 51.65 52.33 51.98 51.71 51.43 51.13 
Al2O3 2.50 2.78 2.98 3.00 3.01 3.03 3.20 3.44 3.44 3.45 3.47 
FeO 12.54 12.83 13.69 14.86 16.05 17.28 9.16 9.73 10.62 11.48 12.34 
MgO 24.23 23.08 22.41 21.51 20.64 19.80 18.69 18.14 17.54 16.92 16.27 
CaO 7.06 8.07 8.04 8.12 8.12 8.06 16.43 16.50 16.46 16.47 16.52 
Na2O 0.01 0.02 0.02 0.02 0.02 0.01 0.03 0.03 0.03 0.03 0.03 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 0.02 0.03 0.03 0.03 0.04 0.04 0.04 0.05 0.06 0.07 0.08 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.91 99.90 99.89 99.89 99.88 99.87 99.88 99.87 99.86 99.85 99.84 
            
Si 1.939 1.932 1.926 1.924 1.923 1.921 1.920 1.913 1.912 1.910 1.908 
Al 0.061 0.068 0.074 0.076 0.077 0.079 0.080 0.087 0.088 0.090 0.092 
Σ tetra 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Al 0.045 0.051 0.054 0.054 0.054 0.054 0.058 0.063 0.062 0.061 0.060 
Fe2+ 0.380 0.390 0.418 0.457 0.496 0.537 0.281 0.300 0.328 0.357 0.385 
Mg 1.308 1.252 1.221 1.178 1.138 1.098 1.022 0.995 0.967 0.937 0.905 
Ca 0.274 0.314 0.315 0.319 0.322 0.321 0.646 0.651 0.652 0.655 0.660 
Na 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.002 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
             
Mg # 77.5 76.2 74.5 72.1 69.6 67.1 78.4 76.9 74.7 72.4 70.2 
Wo 0.140 0.161 0.161 0.163 0.164 0.164 0.331 0.334 0.335 0.336 0.339 
En 0.667 0.640 0.625 0.603 0.582 0.561 0.524 0.512 0.497 0.481 0.464 






Table B.3.  MELTS results – chromite 
 
  1560 1550 1540 1530 1520 1510 1500 1490 1480 1470 1460 
Al2O3 11.41 11.13 11.22 11.30 11.38 11.46 11.54 11.61 11.68 11.75 11.82 
FeO 5.71 5.92 6.14 6.36 6.59 6.83 7.07 7.32 7.57 7.83 8.10 
Fe2O3 6.36 6.50 6.65 6.79 6.95 7.11 7.28 7.45 7.63 7.81 8.00 
MgO 18.38 18.25 18.12 17.98 17.84 17.69 17.55 17.39 17.23 17.07 16.90 
TiO2 0.13 0.14 0.14 0.14 0.14 0.15 0.15 0.15 0.16 0.16 0.16 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 58.37 58.06 57.74 57.42 57.10 56.76 56.43 56.08 55.74 55.38 55.02 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.36 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
             
Al 3.337 3.274 3.301 3.328 3.353 3.379 3.404 3.429 3.453 3.477 3.500 
Fe2+ 1.135 1.185 1.230 1.277 1.324 1.373 1.424 1.475 1.529 1.583 1.640 
Fe3+ 1.188 1.221 1.248 1.277 1.307 1.338 1.371 1.404 1.439 1.475 1.512 
Mg 6.801 6.790 6.744 6.698 6.649 6.600 6.549 6.496 6.443 6.387 6.330 
Ti 0.025 0.025 0.026 0.026 0.027 0.027 0.028 0.029 0.029 0.030 0.031 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 11.452 11.454 11.398 11.342 11.285 11.228 11.169 11.110 11.050 10.989 10.926 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
             
Cr # 77.4 77.8 77.5 77.3 77.1 76.9 76.6 76.4 76.2 76.0 75.7 















Table B.3 cont. 
 
  1450 1440 1430 1420 1410 1400 1390 1380 1370 1360 1350 
Al2O3 11.89 11.95 12.02 12.08 12.14 12.19 12.25 12.30 12.35 12.40 12.44 
FeO 8.37 8.65 8.94 9.24 9.55 9.86 10.19 10.52 10.87 11.22 11.58 
Fe2O3 8.20 8.40 8.62 8.84 9.06 9.30 9.54 9.80 10.06 10.34 10.62 
MgO 16.73 16.55 16.37 16.18 15.99 15.79 15.58 15.37 15.15 14.93 14.70 
TiO2 0.17 0.17 0.17 0.18 0.18 0.19 0.19 0.20 0.20 0.21 0.21 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 54.65 54.27 53.88 53.49 53.08 52.67 52.25 51.82 51.37 50.92 50.45 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
             
Al 3.523 3.546 3.568 3.590 3.612 3.633 3.653 3.674 3.694 3.713 3.732 
Fe2+ 1.698 1.757 1.819 1.882 1.947 2.015 2.084 2.155 2.229 2.305 2.384 
Fe3+ 1.551 1.591 1.633 1.677 1.722 1.769 1.818 1.869 1.921 1.977 2.034 
Mg 6.271 6.211 6.149 6.085 6.019 5.950 5.880 5.808 5.733 5.656 5.576 
Ti 0.031 0.032 0.033 0.034 0.034 0.035 0.036 0.037 0.038 0.039 0.041 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 10.863 10.798 10.733 10.666 10.597 10.527 10.456 10.383 10.308 10.231 10.153 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
             
Cr # 75.5 75.3 75.0 74.8 74.6 74.3 74.1 73.9 73.6 73.4 73.1 















Table B.3 cont.  
 
 
  1340 1330 1320 1310 1290 1280 1270 1260 1250 1240 1230 
Al2O3 12.48 12.52 12.56 12.70 13.18 13.42 13.67 13.92 14.17 14.43 14.70 
FeO 11.96 12.34 12.74 13.12 13.91 14.32 14.75 15.18 15.63 16.08 16.55 
Fe2O3 10.91 11.22 11.54 11.88 12.65 13.05 13.47 13.90 14.35 14.82 15.31 
MgO 14.46 14.21 13.96 13.72 13.25 13.01 12.76 12.50 12.24 11.97 11.69 
TiO2 0.22 0.23 0.23 0.24 0.26 0.26 0.27 0.28 0.29 0.30 0.32 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 49.97 49.48 48.98 48.34 46.76 45.93 45.08 44.21 43.32 42.39 41.43 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
             
Al 3.751 3.769 3.787 3.832 3.982 4.059 4.137 4.216 4.297 4.380 4.464 
Fe2+ 2.465 2.548 2.635 2.717 2.885 2.972 3.061 3.154 3.249 3.346 3.446 
Fe3+ 2.094 2.156 2.221 2.289 2.440 2.520 2.603 2.689 2.779 2.872 2.970 
Mg 5.494 5.409 5.321 5.238 5.067 4.977 4.886 4.792 4.695 4.596 4.493 
Ti 0.042 0.043 0.044 0.046 0.049 0.051 0.053 0.055 0.057 0.059 0.061 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 10.072 9.989 9.903 9.787 9.479 9.319 9.154 8.985 8.811 8.630 8.443 
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
             
Cr # 72.9 72.6 72.3 71.9 70.4 69.7 68.9 68.1 67.2 66.3 65.4 














Table B.3 cont. 
 
 
  1220 1210 1200 1190 1180 1170 
Al2O3 14.97 15.30 15.68 16.49 16.73 14.83 
FeO 17.04 17.57 18.19 18.98 20.18 22.27 
Fe2O3 15.82 16.35 16.93 17.69 18.80 20.67 
MgO 11.41 11.10 10.74 10.32 9.59 8.09 
TiO2 0.33 0.34 0.36 0.40 0.47 0.61 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 40.44 39.34 38.11 36.12 34.23 33.53 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 
        
Al 4.551 4.657 4.776 5.024 5.120 4.625 
Fe2+ 3.548 3.661 3.792 3.947 4.200 4.687 
Fe3+ 3.072 3.178 3.294 3.441 3.672 4.117 
Mg 4.388 4.273 4.139 3.976 3.710 3.193 
Ti 0.064 0.066 0.070 0.077 0.091 0.121 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 
Ni 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 8.249 8.032 7.790 7.381 7.026 7.016 
V 0.000 0.000 0.000 0.000 0.000 0.000 
        
Cr # 64.4 63.3 62.0 59.5 57.8 60.3 














Table B.4.  MELTS results for Model 1 – bulk rock 
 
  1700 1690 1670 1660 1650 1640 1630 1620 1610 1600 1590 1580 
SiO2 46.45 46.46 46.45 46.56 46.73 46.91 47.08 47.26 47.43 47.61 47.78 47.95 
Al2O3 4.65 4.65 4.65 4.77 4.96 5.14 5.32 5.50 5.68 5.86 6.04 6.22 
FeO 8.64 8.64 8.64 8.77 8.96 9.15 9.33 9.50 9.67 9.83 9.98 10.12 
MgO 35.13 35.14 35.13 34.63 33.88 33.14 32.42 31.69 30.99 30.28 29.59 28.91 
CaO 4.78 4.75 4.78 4.90 5.09 5.27 5.45 5.63 5.81 5.99 6.17 6.34 
Na2O 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 
K2O 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 
TiO2 0.14 0.14 0.14 0.14 0.15 0.15 0.16 0.17 0.17 0.18 0.18 0.19 
MnO 0.14 0.14 0.14 0.14 0.14 0.15 0.15 0.15 0.15 0.15 0.16 0.16 
NiO 0.23 0.23 0.23 0.23 0.22 0.22 0.21 0.20 0.20 0.19 0.18 0.18 
Cr2O3 0.45 0.45 0.45 0.46 0.48 0.50 0.51 0.53 0.55 0.57 0.58 0.60 
             
  1570 1560 1550 1540 1530 1520 1510 1500 1490 1480 1470 1460 
SiO2 48.19 48.31 48.50 48.68 48.87 49.05 49.24 49.42 49.61 49.79 49.98 50.17 
Al2O3 6.40 6.56 6.73 6.90 7.07 7.23 7.40 7.56 7.72 7.89 8.04 8.20 
FeO 10.28 10.39 10.52 10.63 10.74 10.85 10.95 11.04 11.12 11.20 11.28 11.35 
MgO 28.28 27.57 26.91 26.26 25.62 24.98 24.36 23.74 23.13 22.53 21.94 21.36 
CaO 6.53 6.69 6.86 7.04 7.21 7.38 7.55 7.71 7.88 8.04 8.21 8.37 
Na2O 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07 0.07 0.07 0.07 
K2O 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07 0.07 0.07 0.07 
TiO2 0.05 0.20 0.20 0.21 0.21 0.22 0.22 0.23 0.23 0.24 0.24 0.25 
MnO 0.16 0.16 0.16 0.16 0.16 0.17 0.17 0.17 0.17 0.17 0.17 0.17 
NiO 0.17 0.16 0.15 0.15 0.14 0.13 0.13 0.12 0.12 0.11 0.10 0.10 














Table B.4 cont. 
 
  1450 1440 1430 1420 1410 1400 1390 1380 1370 1360 1350 1340 
SiO2 50.35 50.54 50.72 50.91 51.09 51.27 51.46 51.64 51.83 52.01 52.18 52.38 
Al2O3 8.36 8.51 8.67 8.82 8.98 9.13 9.28 9.43 9.58 9.73 9.87 10.02 
FeO 11.41 11.47 11.52 11.56 11.60 11.64 11.67 11.69 11.71 11.72 11.75 11.72 
MgO 20.78 20.22 19.66 19.11 18.57 18.03 17.51 16.99 16.48 15.98 15.49 15.01 
CaO 8.53 8.69 8.85 9.01 9.17 9.32 9.48 9.63 9.78 9.93 10.08 10.23 
Na2O 0.07 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.09 0.09 
K2O 0.07 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.09 0.09 
TiO2 0.25 0.26 0.26 0.27 0.27 0.28 0.28 0.29 0.29 0.30 0.30 0.30 
MnO 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 
NiO 0.09 0.09 0.08 0.08 0.07 0.07 0.06 0.06 0.05 0.05 0.05 0.04 
Cr2O3 0.43 0.42 0.40 0.39 0.38 0.36 0.35 0.33 0.32 0.31 0.29 0.28 
             
  1330 1320 1310 1300 1290 1280 1270 1260 1250 1240 1230 1220 
SiO2 52.56 52.26 52.80 52.72 52.65 52.58 52.51 52.45 52.39 52.33 52.27 52.22 
Al2O3 10.16 10.41 10.48 10.69 10.91 11.12 11.33 11.54 11.75 11.97 12.18 12.39 
FeO 11.72 11.83 11.73 11.80 11.86 11.92 11.96 12.00 12.04 12.06 12.08 12.09 
MgO 14.53 14.21 13.62 13.17 12.72 12.28 11.85 11.43 11.02 10.61 10.21 9.81 
CaO 10.38 10.63 10.70 10.93 11.16 11.38 11.60 11.82 12.04 12.25 12.46 12.67 
Na2O 0.09 0.09 0.09 0.09 0.10 0.10 0.10 0.10 0.10 0.11 0.11 0.11 
K2O 0.09 0.09 0.09 0.09 0.10 0.10 0.10 0.10 0.11 0.11 0.11 0.11 
TiO2 0.31 0.32 0.32 0.33 0.33 0.34 0.35 0.36 0.36 0.37 0.38 0.38 
MnO 0.17 0.17 0.17 0.17 0.18 0.18 0.18 0.19 0.19 0.20 0.20 0.20 
NiO 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 














Table B.4 cont. 
 
  1210 1200 1190 1180 1170 
SiO2 52.18 52.14 52.14 52.29 52.86 
Al2O3 12.67 13.01 13.59 14.02 13.71 
FeO 12.07 12.04 12.18 12.53 13.28 
MgO 9.37 8.87 8.26 7.58 6.78 
CaO 12.88 13.08 12.92 12.60 12.26 
Na2O 0.11 0.12 0.12 0.12 0.11 
K2O 0.11 0.12 0.13 0.14 0.16 
TiO2 0.40 0.41 0.43 0.47 0.54 
MnO 0.21 0.22 0.23 0.25 0.30 
NiO 0.04 0.04 0.05 0.05 0.06 

























Table B.5.  MELTS results for Model 2 – melt inclusions 
 
  1200 1190 1180 1170 1160 1150 1140 1130 1120 1110 1100 1090 
SiO2 56.83 57.01 57.18 57.36 57.54 57.71 57.89 58.06 58.24 58.41 58.59 58.76 
Al2O3 12.13 12.26 12.38 12.50 12.62 12.73 12.85 12.96 13.08 13.19 13.30 13.41 
FeO 10.61 10.53 10.44 10.35 10.25 10.15 10.04 9.93 9.81 9.68 9.55 9.41 
MgO 8.14 7.80 7.47 7.15 6.85 6.54 6.25 5.97 5.69 5.42 5.17 4.91 
CaO 9.55 9.65 9.74 9.83 9.92 10.01 10.10 10.18 10.27 10.35 10.44 10.52 
Na2O 1.08 1.09 1.10 1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18 1.19 
K2O 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
TiO2 0.37 0.37 0.38 0.38 0.38 0.39 0.39 0.39 0.40 0.40 0.40 0.41 
MnO 0.15 0.15 0.15 0.14 0.14 0.14 0.14 0.14 0.13 0.13 0.13 0.13 
NiO 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 1.08 1.09 1.10 1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18 1.19 
              
  1080 1070 1060 1050 1040 1030 1020 1010 1000 990 980 970 
SiO2 58.94 59.12 59.29 59.47 59.65 59.84 60.02 60.21 60.40 60.60 60.79 60.99 
Al2O3 13.52 13.64 13.75 13.86 13.97 14.08 14.19 14.30 14.41 14.52 14.63 14.74 
FeO 9.26 9.10 8.94 8.77 8.59 8.40 8.20 7.99 7.77 7.53 7.29 7.04 
MgO 4.67 4.44 4.21 3.99 3.77 3.57 3.37 3.18 2.99 2.82 2.65 2.49 
CaO 10.60 10.69 10.77 10.85 10.93 11.01 11.10 11.18 11.26 11.34 11.43 11.51 
Na2O 1.20 1.21 1.22 1.23 1.24 1.25 1.26 1.27 1.28 1.29 1.30 1.31 
K2O 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
TiO2 0.41 0.41 0.42 0.42 0.42 0.43 0.43 0.43 0.44 0.44 0.44 0.45 
MnO 0.13 0.12 0.12 0.12 0.12 0.11 0.11 0.11 0.11 0.10 0.10 0.10 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 














Table B.5 cont. 
 
  960 950 940 930 920 910 900 890 880 870 860 
SiO2 61.19 61.40 61.60 61.80 62.01 62.21 62.40 62.59 62.78 62.96 63.13 
Al2O3 14.86 14.97 15.08 15.19 15.30 15.41 15.52 15.62 15.72 15.81 15.90 
FeO 6.77 6.49 6.21 5.92 5.62 5.33 5.03 4.74 4.45 4.16 3.89 
MgO 2.34 2.19 2.06 1.93 1.81 1.71 1.61 1.51 1.43 1.36 1.29 
CaO 11.59 11.68 11.76 11.84 11.92 12.00 12.07 12.15 12.22 12.29 12.35 
Na2O 1.32 1.33 1.34 1.35 1.36 1.37 1.38 1.39 1.40 1.41 1.41 
K2O 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 
TiO2 0.45 0.45 0.46 0.46 0.46 0.47 0.47 0.47 0.48 0.48 0.48 
MnO 0.09 0.09 0.09 0.08 0.08 0.08 0.07 0.07 0.07 0.07 0.06 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 1.32 1.33 1.34 1.35 1.36 1.37 1.38 1.39 1.40 1.41 1.41 
             
  850 840 830 820 810 800 790 780 770 760 750 
SiO2 63.29 63.45 63.60 63.74 63.85 63.99 64.10 64.21 64.31 64.41 64.49 
Al2O3 15.99 16.07 16.14 16.21 16.27 16.34 16.40 16.45 16.50 16.55 16.60 
FeO 3.63 3.37 3.13 2.90 2.68 2.48 2.29 2.11 1.94 1.78 1.64 
MgO 1.23 1.17 1.12 1.07 1.03 0.99 0.96 0.93 0.91 0.88 0.86 
CaO 12.41 12.47 12.53 12.58 12.62 12.67 12.71 12.75 12.79 12.82 12.85 
Na2O 1.42 1.43 1.44 1.44 1.45 1.45 1.46 1.46 1.47 1.47 1.48 
K2O 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 
TiO2 0.49 0.49 0.49 0.49 0.49 0.50 0.50 0.50 0.50 0.50 0.50 
MnO 0.06 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.04 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 





Table B.6.  CIPW norm calculations in wt.% 
 
  KBA 12-1 SA 427-1 KBA 12-3 KBA 12-6 KBA 12-7 KBA 12-8 KBA 12-9 KBA 12-10 
Plagioclase 11.22 14.99 6.75 7.3 6.39 6.55 1.06 12.73 
Orthoclase 0.95 0.77 0.3 0.24 0.24 0.18 0.12 0.24 
Diopside 3.82 7.51 0.24 4.27 -- 0.04 -- 8.97 
Hypersthene 34.89 43.22 22.43 21.02 29.21 25.14 30.44 25.1 
Olivine 48.92 33.11 70.34 67.16 63.91 68.13 66.65 52.72 
Ilmenite 0.25 0.34 0.15 0.17 0.15 0.15 0.13 0.27 
Chromite 0.6 0.77 0.47 0.46 0.47 0.49 0.46 0.66 
         
         
  KBA 12-11 KBA 12-12 KBA 12-13 KBA 12-16 KBA 12-17 KBA 12-18 KBA 12-19 KBA 12-20 
Plagioclase 14.31 15.07 7.62 1.09 0.4 8.02 11.76 0.32 
Orthoclase 0.24 0.12 0.35 0.12 -- 0.24 0.89 -- 
Diopside 21.82 21.38 0.11  -- 2.8 0.37 2 
Hypersthene 20.07 22.6 29.67 31.05 24.3 22.15 38.07 24.28 
Olivine 43.21 40.43 62.26 64.83 73.38 66.51 48.67 73.44 
Ilmenite 0.32 0.34 0.17 0.12 0.13 0.19 0.27 0.13 
















APPENDIX C: STANDARDS FOR SERPENTINE 
 
Limits of detection (LOD) determined and standards used for serpentine analyses.  KAHB = 
Hornblende, Kakanui, New Zealand; SCOL = Olivine, San Carlos, New Mexico; SILM = 




















  LOD (190) standards  
SiO2 0.113 KAHB 
TiO2 0.125 KAHB 
Al2O3 0.114 KAHB 
Cr2O3 0.223 SCRM 
FeO 0.201 KAHB 
MnO 0.138 SILM 
NiO 0.163 GL37 
MgO 0.144 SCOL 
CaO 0.135 KAHB 
Na2O 0.174 KAHB 
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